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Abstract 
Genetic Basis of Neuronal Subtype Differentiation in Caenorhabditis elegans 
Chaogu Zheng 
 A central question of developmental neurobiology is how the extraordinary variety of cell 
types in the nervous system is generated. A large body of evidence suggests that transcription 
factors acting as terminal selectors control cell fate determination by directly activating cell type-
specific gene regulatory programs during neurogenesis. Neurons within the same class often 
further differentiate into subtypes that have distinct cellular morphology, axon projections, 
synaptic connections, and neuronal functions. The molecular mechanism that controls the 
subtype diversification of neurons sharing the same general fate is poorly understood, and only a 
few studies have addressed this question, notably the motor neuron subtype specification in 
developing vertebrate spinal cord and the segment-specific neuronal subtype specification of the 
peptidergic neurons in Drosophila embryonic ventral nerve cord.  
 In this dissertation, I investigate the genetic basis of neuronal subtype specification using 
the Touch Receptor Neurons (TRNs) of Caenorhabditis elegans. The six TRNs are 
mechanosensory neurons that can be divided into four subtypes, which are located at various 
positions along the anterior-posterior (A-P) axis. All six neurons share the same TRN fate by 
expressing the POU-domain transcription factor UNC-86 and the LIM domain transcription 
factor MEC-3, the terminal selectors that activate a battery of genes (referred as TRN terminal 
differentiation genes) required for TRN functions. TRNs also have well-defined morphologies 
and synaptic connections, and therefore serve as a great model to study neuronal differentiation 
and subtype diversification at a single-cell resolution. This study primarily focuses on the two 
embryonically derived TRN subtypes, the anterior ALM and the posterior PLM neurons; each 
contains a pair of bilaterally symmetric cells. Both ALM and PLM neurons have a long 
anteriorly-directed neurite that branches at the distal end; the PLM, but not the ALM, neurons 
are bipolar, having also a posteriorly-directed neurite. ALM neurons form excitatory gap 
junctions with interneurons that control backward movement and inhibitory chemical synapses 
with interneurons that control forward movement, whereas PLM neurons do the reverse. 
Therefore, the clear differences between ALM and PLM neurons offer the opportunity to identify 
the mechanisms controlling subtype specification.  
  Using the TRN subtypes along the A-P axis, I first found that the evolutionarily 
conserved Hox genes regulate TRN differentiation by both promoting the convergence of ALM 
and PLM neurons to the common TRN fate (Chapter II) and inducing posterior subtype 
differentiation that distinguishes PLM from the ALM neurons (Chapter III). First, distinct Hox 
proteins CEH-13/lab/Hox1 and EGL-5/Abd-B/Hox9-13, acting in ALM and PLM neurons 
respectively, promote the expression of the common TRN fate by facilitating the transcriptional 
activation of TRN terminal selector gene mec-3 by UNC-86. Hox proteins regulate mec-3 
expression through a binary mechanism, and mutations in ceh-13 and egl-5 resulted in an “all or 
none” phenotype: ~35% of cells lost the TRN cell fate completely, whereas the rest ~65% of 
cells express the TRN markers at the wild-type level. Therefore, Hox proteins contribute to cell 
fate decisions during terminal neuronal differentiation by acting as reinforcing transcription 
factors to increase the probability of successful transcriptional activation. Second, Hox genes 
also control TRN subtype diversification through a “posterior induction” mechanism. The 
posterior Hox gene egl-5 induces morphological and transcriptional specification in the posterior 
PLM neurons, which distinguish them from the ALM. This subtype diversification requires 
EGL-5-induced repression of TALE cofactors, which antagonize EGL-5 functions, and the 
activation of rfip-1, a component of recycling endosomes, which mediates Hox activities by 
promoting subtype-specific neurite outgrowth. Thus, these results suggest that neuronal subtype 
diversification along the A-P axis is mainly driven by the posterior Hox genes, which induces the 
divergence of posterior subtypes away from the common state of the neuron type. 
 I have also performed an RNAi screen to identify novel regulators of the TRN fate and 
identified the LIM domain-binding protein LDB-1 and the Zinc finger homeodomain 
transcription factor ZAG-1 as part of the regulatory network that determines TRN fate (Chapter 
IV). LDB-1 binds to and stabilizes MEC-3 and is also required for the activation of TRN 
terminal differentiation genes by MEC-3. ZAG-1 promotes TRN fate by preventing the 
expression other transcription factors EGL-44 and EGL-46, which inhibits the expression of 
TRN fate by competing for the cis-regulatory elements normally bound by the TRN fate 
selectors UNC-86/MEC-3. The mutual inhibition between ZAG-1 and EGL-44 establishes a 
bistable switch that regulates cell fate choice between TRNs and FLP neurons.    
  I also investigated the genetic basis of neuronal morphogenesis using TRNs. By 
conducting a forward genetic screen searching for mutants with TRN neurite outgrowth defects, I 
identified a series of genes required for axonal outgrowth and guidance in TRNs. Following a 
few genes identified from the screen, genetic studies have revealed two novel mechanisms for 
neuritogenesis. First, Dishevelled protein DSH-1 attenuates the strength of Wnt signaling to 
allow the PLM posterior neurite to grow against the gradient of repulsive Wnt proteins, which 
are enriched at the posterior side of PLM cell body and normally repel the axons toward the 
anterior (Chapter V). Second, guanine nucleotide exchange factor UNC-73 and TIAM-1 
promotes anteriorly and posteriorly directed neurite outgrowth, respectively; and outgrowth in 
different directions can suppress each other by competing for the limited neurite extension 
capacity (Chapter VI). 
 As side projects, I performed mRNA expression profiling using isolated and separated 
populations of in vitro cultured ALM and PLM neurons and identified hundreds of genes 
differentially expressed between the two subtypes (Appendix I). I have also studied subtype 
differentiation of the VC motor neurons in the ventral nerve cord of C. elegans and discovered a 
mechanism by which histone modification patterns the expression of subtype-specific genes 
during terminal neuronal differentiation (Appendix II). 
 In summary, my doctoral research established a framework for the study of neuronal 
subtype specification using the C. elegans TRNs and uncovered the genetic mechanisms for a 
variety of aspects of terminal neuronal differentiation. By investigating the generation of neuron 
type and subtype diversity in a well-defined model organism, my study provides novel insights 
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A central question of developmental neurobiology is how the extraordinary variety of cell 
types is generated in the nervous system. It has been estimated that the human brain has about 
100 billion neurons and as many as 10, 000 different neuron types (Williams and Herrup, 1988). 
Therefore, delineating the genetic mechanisms that control the generation of this enormous 
neuronal diversity is rather difficult. In fact, even the classification of neurons in the nervous 
system is challenging and needs a clear definition of “neuronal cell type”. However, the 
nematode Caenorhabditis elegans has a much simple nervous system that contains only 302 
neurons and 118 morphologically well-defined neuron types in the adult hermaphrodites (White 
et al., 1986). Therefore, C. elegans serves as a great model organism for studying the molecular 
basis of neuronal differentiation, especially given its amenability to genetic analysis. Lessons 
learned from C. elegans can help understand the general mechanisms that control neural 
development.  
  In this chapter, I first introduce the concept of neuronal cell fate and terminal selectors 
and examine the theory of cell fate determination and regulation. I then summarize the current 
understanding of neuronal subtype specification and describe a few examples in which the 
mechanisms of subtype diversification have been studied. Since the major part of this thesis is to 
investigate the function of Hox genes in TRN subtype differentiation, I also provide an overview 
on the general functions of Hox genes in neural development. Another part of my study focuses 
on the genetic basis of neurite outgrowth; I therefore include a section to review the general 
mechanisms of neuronal morphogenesis and axon guidance. Finally, I provide background 




Section A. Neuronal Cell Fate Determination 
 The first step of generating a neuron involves the commitment to neuronal lineages. 
Neurogenesis in mammals can be divided into several developmental stages from pluripotent 
stem cells to functional neurons (Figure 1.1). During embryonic development stem cells from the 
inner cell mass generate the three primary germ layers; and neural precursor cells (NPCs) that 
are capable of producing both neurons and glial cells are derived from the ectoderm (Hirabayashi 
and Gotoh, 2010). Once committed to the neural lineage, NPCs undergo temporally controlled 
neurogenesis and astrogliogenesis. In the early stages, Wnt signaling promotes neurogenesis by 
activating the proneural transcription factor NGN1, which also prevents astrogliogenesis by 
inhibiting astrogliogenic transcription factor STAT3 (Lyu et al., 2008; Sun et al., 2001). In the 
later stages, Notch signaling promotes astrogliogenesis by activating STAT3 and inhibits 
neurogenesis by activating basic helix-loop-helix (bHLH) transcription factors Hes1 and Hes5 
(Kamakura et al., 2004; Ohtsuka et al., 2001). Therefore, extracellular signals and intracellular 
transcription factors activated by that signaling play essentials roles in the generation of neurons 
from stem cells (Hirabayashi and Gotoh, 2005). Similarly, Drosophila neurons are also generated  
clonally from the neural lineages derived from neuroblasts (Spindler and Hartenstein, 2010).  
 In contrast, C. elegans neurons are largely non-clonally derived from many different 
lineages. Some branches of lineages produce exclusively neurons, whereas other branches give 
rise to both neurons and non-neuronal tissues even very late in lineage. For instance, some 
muscle cells are produced within lineages that mainly produce neurons and vice versa (Sulston et 
al., 1983). This feature indicates that the so called “neural precursor cells” are often uncommitted 
to the neural fate or the commitment is reversible along lineage progression. In Drosphila and 
mammals, neurons with similar properties are often derived from the same or closely related 
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lineages because of the clonal nature of neurogenesis. In C. elegans, however, neurons that have 
similar properties often arise from very different lineages and classification of neurons mainly 
depends on specific anatomical features and gene expression profiles.   
 In either of the two systems, postmitotic neurons differentiate into specific neuron types 
with specific cell fates.  I define cell fate as the differentiation state of a neuron associated with 
the expression of a battery of genes that defines the general morphology and function of the 
neuron. Neurons that share the common cell fate within the same class further differentiate into 
subtypes that have distinct morphological, synaptic, and functional features that allow them to be 
integrated into different local circuits. A body of evidence suggests that transcription factors 
determine the commitment to certain cell fate and regulate the specification of subtypes during 
these terminal steps of neuronal differentiation (Greig et al., 2013; Hobert, 2011).  
The importance of transcription factors in developmental specification of certain body 
parts or cell types has been appreciated since the early studies of embryogenesis, development of 
the body plan, and organogenesis in Drosophila, for which they were originally referred to as 
“master regulator genes” (Baker, 1978; Botas, 1993; Gehring, 1993) or “selector” genes (Garcia-
Bellido, 1975). In the past decade, this concept of selectors is extended to the nervous system to 
describe the function of genes that control the differentiation of specific neuron types (Hobert, 
2011). Given the extreme diversity of neuron types in the nervous system, selectors are expected 
to act together to generate an unique “combinatorial code” for every neuron type (Jessell, 2000). 
Although cracking this complex code for neuronal development is a daunting task, recent studies 
suggest that the generation of neuronal diversity at its roots can be reduced to a simple binary 
cell fate choice (Jukam and Desplan, 2010). Understanding the mechanisms of this binary cell 




     
Figure 1.1. The generation of terminally differentiated neuron subtypes. In mammals or 
Drosophila, neurons are generated from specific neuronal lineages, whereas in C. elegans 
neurons are derived from various uncommitted lineages. For the text, the name of cells is in 






Selector Genes and General Cell Types 
The concept of “selector” genes was first introduced by Garcia-Bellido for genes that “control 
developmental pathways” in Drosophila wing disc formation (Garcia-Bellido, 1975), and the 
term “master regulatory gene” was first coined by Susumu Ohno for “a gene that occupies the 
very top of a regulatory hierarchy” in sex determination (Ohno, 1978). This idea that some genes 
organize the hierarchy of cell specification was later extended to describe other biological 
processes in yeasts (Herskowitz, 1989; Nasmyth and Tatchell, 1980), Drosophila (Lewis, 1985; 
Lewis, 1992), and plants (Hamdi et al., 1987); and “selectors” in most cases became 
interchangeable with “master regulators”. Given the complex cross-regulation among genes, it is 
conceivable that a developmental process is rarely governed by a single unique factor; therefore, 
the definition of a master regulator or selector has evolved in the past decades to describe a gene 
“that is expressed at the inception of a developmental lineage or cell type, participates in the 
specification of that lineage by regulating multiple downstream genes either directly or through a 
cascade of gene expression changes, and critically, when misexpressed, has the ability to 
respecify the fate of cells destined to form other lineages” (Chan and Kyba, 2013). Classical 
developmental genes in Drosophila fit well with this definition; for example, homeotic gene 
Antennapedia (Antp) specifies second thoracic segment identities and promotes leg formation 
(Struhl, 1981), and the misexpression of Antp induces the transformation of antennae into second 
legs (Schneuwly et al., 1987). 
 Master regulators or selectors also define cell types. One of the best examples is the 
myogenic transcription factor MyoD (Tapscott et al., 1988), which is required for the generation 
of muscle cells and is capable of converting fibroblasts into myoblasts (Davis et al., 1987; Lassar 
et al., 1986). The ability of MyoD to induce myogenic differentiation was further confirmed by 
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MyoD reprograming cell types derived from other non-mesoderm germ layers such as neural and 
liver cells to muscle-like cells (Weintraub et al., 1989). Another example is the hematopoietic 
transcription factor SCL, which is required for the development of all hematopoietic lineages, 
including red cells, myeloid cells, megakaryocytes, mast cells, and lymphoid cells (Porcher et al., 
1996). Misexpression of SCL homolog in the early mesoderm of zebrafish embryos can convert 
non-hematopoietic tissues into hemangioblasts, the common precursor of blood and endothelial 
lineages, highlighting the conserved role of SCL in hematopoiesis/vasculogenesis across species 
(Gering et al., 1998). These examples clearly demonstrate that master regulator genes, which 
mainly code for transcription factors, induce the differentiation of specific cell types. 
 Such selectors have been identified in the neuronal lineage as proneural genes, which all 
code for bHLH class transcription factors (Bertrand et al., 2002). These genes not only 
promote the generation of neural precursor cells from the ectoderm but also induce specification 
of neuron types. In Drosophila, two families of proneural genes have been identified: the 
achaete-scute (asc) family, which consists of four genes ac, sc, lsc, and ase, and the atonal (ato) 
family, which contains ato, amos, and cato (Huang et al., 2000; Jarman et al., 1993; Villares and 
Cabrera, 1987). The phenotypical differences among these proneural genes suggest that they 
function at different stages of neural development.  
Among the asc family genes, ac and sc are required redundantly for the generation of 
most embryonic and adult external sense organs (mechanosensory and chemosensory) and for a 
subset of neural precursor cells in the central nervous system (CNS); lsc is restricted to the CNS 
primordium and is important for the generation of neuroblasts; ase is expressed in all precursors 
of the peripheral nervous system (PNS) and the CNS after they are produced and direct the 
differentiation of sensory organs from the precursor cells (Dominguez and Campuzano, 1993; 
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Jimenez and Campos-Ortega, 1990). Importantly, when misexpressed all four asc genes can 
induce the formation of ectopic sense organs in epidermis (Rodriguez et al., 1990).  
 Among the ato family genes, ato is responsible for the development of internal 
chordotonal organs, including photoreceptors, olfactory organs, and some multidendritic neurons 
in the PNS (Jarman et al., 1993; Jarman et al., 1994); amos is the proneural gene for these 
remaining sensory organs; and cato functions after the neural-precursor selection to promote not 
generation but differentiation and morphogenesis of sense organs (Goulding et al., 2000). 
Similarly, ato also regulates axonal branching and arborization after neurons are generated in the 
CNS (Hassan et al., 2000), suggesting that proneural genes can also regulate neuron type 
specification in addition to promoting the neuronal lineage. 
Vertebrates also have proneural bHLH genes similar to their Drosophila counterparts. For 
example, Mash1, homologous to asc family genes, promotes neurogenesis in the ventral 
telencephalon and the olfactory sensory epithelium (Guillemot et al., 1993); Ngn1 and Ngn2, 
belong to the vertebrate Neurogenin family, induce the precursor populations that generate 
cranial and spinal sensory ganglia, as well as a large fraction of ventral spinal cord neurons (Ma 
et al., 1998; Ma et al., 1999). The loss of neuronal precursors in Mash1 and Ngn2 mutants 
correlate with a premature generation of astrocytic precursors, suggesting that these proneural 
genes both promote the commitment to the neuronal lineage and inhibit the glial fate (Tomita et 
al., 2000). Ectopic expression of Ngn genes in the surface ectoderm of Xenopus and zebrafish 
embryos can induce the generation of excessive neural precursors and promote neuronal 
differentiation (Blader et al., 1997; Ma et al., 1996), confirming that the proneural genes are 
indeed master regulators of the neuronal lineage.  
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Homologous to Drosophila ato family genes, Math1 and Math5 are required for the 
specification of interneuron identity, but their functions as proneural genes in selecting neural 
precursors has not been observed (Bermingham et al., 2001). Similarly, NeuroD and Math3, two 
NeuroD-family bHLH genes, promote the differentiation and survival of cerebellar and 
hippocampal neurons instead of the generation of neural precursors (Olson et al., 2001). 
Therefore, although the term “proneural gene” has been loosely used, the two distinct types or 
functions of proneural genes should be made clear. The proneural genes that promote the 
commitment of multipotent progenitors to a neuronal lineage are considered the master 
regulatory genes or selector genes, whereas the proneural genes that induce the specification of 
particular neuron types and regulate their postmitotic development should be considered as only 
differentiation genes.  
Despite the non-clonal nature of C. elegans neurogenesis, proneural genes also exist in C. 
elegans lineages to regulate neuronal vs. non-neuronal choice. For example, mutations in the 
atonal-like bHLH gene lin-32, or the achaete-scute homolog hlh-14 caused various lineages that 
normally produce neurons to generate hypodermal cells similar to skin cells (Baumeister et al., 
1996; Frank et al., 2003; Zhao and Emmons, 1995). 
Terminal Selectors and Neuronal Cell Fate 
 Once a neuron is produced from its mother precursor cell and becomes postmitotic, it has 
to make the decision to differentiate into a specific neuron type and acquires its terminal cell fate 
(Figure 1.1). In this thesis, I define “cell fate” as the differentiation state of neurons that allows 
for specific functions and general morphology, e.g. the function of controlling muscle activities 
in motor neurons or the function of sensing odors in olfactory neurons. Cell fate can be 
characterized by the expression of a battery of genes that distinguishes one class of neurons from 
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another and enable them to execute their function (Figure 1.2A). These genes are termed as 
“terminal differentiation genes” (Hobert, 2011) and code for proteins that define neurotransmitter 
identities (e.g. enzymes that synthesize neurotransmitters, vesicular transporter of 
neurotransmitter, and neurotransmitter receptors), neuronal functions (e.g. ion channels and 
sensory receptors), cellular morphologies (e.g. molecules that control axon projection and 
dendritic arborization), and synaptic connections (e.g. synaptic adhesion molecules). Some of 
these terminal differentiation genes can be used as cell fate markers if they are only expressed in 
one specific neuron type; others may be commonly expressed in multiple neuron types (i.e. 
neurons sharing the same neurotransmitter identity). Nevertheless, a combination of terminal 
differentiation genes can uniquely define the cell fate of any given neuron type. 
The concept of “terminal selector” was proposed by Oliver Hobert (Hobert, 2008), who 
extended the idea of “selector” genes introduced by Garcia-Bellido (Garcia-Bellido, 1975). As 
selector genes determine the identity of a specific developmental field or organ (Garcia-Bellido, 
1975), terminal selectors determine the identity (i.e. cell fate) of a neuron by activating the 
expression of a battery of terminal differentiation genes associated with a specific neuron type 
(Hobert, 2008). An important feature of this regulation is that terminal selectors, which are 
transcription factors, regulate a set of distinct genes, whose products are often biochemically 
unrelated proteins, through a similar cis-regulatory element (termed as “terminal selector motif”). 
This regulatory mechanism forms the concept of coregulation, which highlights the core 




Figure 1.2. Coregulation of terminal differentiation genes by terminal selectors. (A) Terminal 
selectors (red) activate the expression of a panel of genes that define the cell fate of a neuron 
through a similar cis-regulatory element (black box). These terminal differentiation genes code 
for proteins that determine the neurotransmitter identity, sensory function, neurite structures, 
synaptic development, and other features of the neuron. (B) The identity of a neuronal fate (e.g. 
ASE gustatory neurons in C. elegans) can be defined by a combination of several parallel, 
independent coregulons: terminal selector X (CHE-1) controls the expression of ASE-specific 
genes through a cis-regulatory ASE motif (black box); sensory selector Y (DAF-19) controls the 
feature of a sensory neuron (e.g. cilium formation) through RFX target sites (blue box); and 
proneural selector X maintains the basic identity of a neuron by activating pan-neuronal genes 
(modified from Hobert, 2011). 
 
Evidence from the study of C. elegans nervous system has repeatedly supported the 
“terminal selector” model. For example, the COE (Collier, Olf, EBF)-type transcription factor 
UNC-3 coregulates the expression of cholinergic fate markers (acetylcholinesterase, vesicular 
ACh transporter, choline transporter; ACh autoreceptors and others) through similar COE motifs 
in the ventral cord motor neurons (Kratsios et al., 2012). The Pitx-type homeodomain protein 
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UNC-30 determines the GABAergic fate by coregulating genes in the GABA synthesis/transport 
pathway through the K50 homeodomain site (Eastman et al., 1999; Jin et al., 1994). The ETS 
transcription factor AST-1 is required for dopaminergic differentiation and coregulates the 
expression of all dopamine pathway genes, including the tyrosine hydroxylase, the dopamine 
transporter, and vesicular monoamine transporter, through a common cis-regulatory motif 
(Flames and Hobert, 2009). Similar concept also applies to sensory identities. Zinc finger 
transcription factor CHE-1 determines the fate of ASE gustatory neurons by regulating the 
expression of GCY family chemoreceptors, various neuropeptides, and cyclic-nucleotide gated 
ion channels through the ASE motif (Etchberger et al., 2007; Uchida et al., 2003). Terminal 
selectors also act in combination; POU-domain transcription factor UNC-86 and LIM-domain 
transcription factor MEC-3 specify the touch receptor neuron (TRN) cell fate by forming a 
heterodimer and cooperatively binding to the UNC-86/MEC-3 site in the promoter of TRN 
terminal differentiation genes, which include mechanosensory receptors, ion channels, 
cytoskeletal proteins, and others (Duggan et al., 1998; Zhang et al., 2002). Although UNC-86 
and MEC-3 are also needed for the differentiation of two other pairs of neurons (FLPs and 
PVDs), the expression of a third transcription factor ZAG-1 in the TRNs but not FLPs and PVDs 
(Chapter IV, this thesis) distinguishes the TRN fate from the alternative fates. Therefore, a 
combinatorial code of terminal selectors could, in theory, uniquely define the identity of every 
neuron type in a nervous system. 
Interestingly, the neurotransmitter identity and the functional identity are often 
coregulated by the terminal selectors. For example, UNC-3 controls cholinergic fate but also 
regulates genes of the motor neuron features (Kratsios et al., 2012), and UNC-86/MEC-3 defines 
mechanosensory neuron fate but also regulates glutamatergic identity (Serrano-Saiz et al., 2013).  
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The terminal cell fate of a neuron may consist of several parallel modules, termed as 
“coregulon” (Hobert, 2011). Evidence supporting this hypothesis came from the observation that 
removal of one terminal selector leads to the loss of many terminal differentiation genes, but 
some identity markers remain unaffected (Figure 1.2B). For example, mutations in the ASE 
terminal selector CHE-1 eliminate the expression of many chemoreceptors and ion channels, 
which are dependent on the ASE motif (Etchberger et al., 2007). However, the ciliated structure 
of a sensory neuron in ASE neurons is not affected by che-1 mutations; the RFX-type 
transcription factor DAF-19, via the RFX target sites, controls a separate coregulon that is 
responsible for cilium formation (Swoboda et al., 2000). A third pan-neuronal module was also 
hypothesized to exist in parallel to any specific neuron identities (Ruvinsky et al., 2007). 
Although dissecting the molecular signature of a terminally differentiated neuron is much 
more difficult in vertebrate system than in C. elegans, several notable examples have shown that 
the principle of neuronal cell fate determination is conserved through evolution. The 
homeodomain transcription factor Crx determines the cell fate of photoreceptors in mice by 
directly binding to the cis-regulatory elements of hundreds of terminal differentiation genes, 
identified by chromatin immunoprecipitation studies (Corbo et al., 2010; Hsiau et al., 2007). 
These genes code for proteins involved in phototransduction and the formation of the specific 
photoreceptor structure and include most retinal disease genes. Similarly, the Pet-1 ETS domain 
transcription factor is the mouse terminal selector for serotonergic fate and regulates the 
expression of serotonin-synthesizing enzyme, tryptophan hydroxylase, and serotonin transporters 
(Hendricks et al., 1999; Hendricks et al., 2003). A combination of two terminal selectors, the 
orphan nuclear receptor Nurr1 and the homeobox factor Pitx3, are found to control midbrain 
dopaminergic neuron differentiation by jointly activating target genes (Smidt and Burbach, 2009). 
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In many cases neuronal cell fate is not the terminal identity of a neuron. Neurons of the 
same type that share the common cell fate often diversify into distinct subtypes that have 
different cell morphologies, synaptic connections, and neuronal functions. During subtype 
specification, the general neuronal cell fate can be either modified to achieve subtype features or 
be maintained with the addition of a separate, independent subtype module.    
Binary Cell Fate Choice 
 Asymmetric cell division has been observed throughout the lineage that leads to the 
generation of neurons, and lineage-based mechanisms are thought to generate neuronal fate 
diversity in the nervous system of C. elegans, Drosophila, and vertebrates (Sawa, 2010). 
Asymmetric cell divisions generate two distinct regulatory states in the daughter cells, and the 
binary cell fate choices made at successive cell divisions along the lineage can ultimately 
produce a unique “bar code” for each cell that defines its unique lineage history (Bertrand and 
Hobert, 2010). For example, the ALML neuron in C. elegans has a lineage of “AB arppaappa”, 
indicating that the cell is derived from nine successive divisions of the AB blastomeres (a, p, l, 
and r indicate the anterior, posterior, right or left daughter cells, respectively). This theory of 
“lineage programming” offers a possible solution for the generation of an extreme diversity of 
terminal cell fates by coupling asymmetric cell divisions to the activation of terminal selectors 
(Bertrand and Hobert, 2010). 
 Pioneering work in C. elegans, in which the lineage history of every cell is known, has 
provided evidence to support that a binary decision at an early cell division in the lineage can 
affect terminal neuronal fate several cell divisions later (Cochella and Hobert, 2012). However, 
systematic mapping of unique lineage codes to specific terminal cell fates is still challenging. A 
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new method that automatically analyzes embryonic gene expression at a single-cell resolution 
(Murray et al., 2008) can potentially solve the problem by identifying genes that are 
asymmetrically expressed after cell divisions, mapping out the molecules that in combination are 
uniquely present in a specific lineage, and systematically studying how these molecules regulate 
the terminal cell fate of the neuron generated by that lineage. 
 Despite the tremendous amount of future efforts needed to understand how lineage 
history determines the expression of terminal selectors, several studies in C. elegans have laid 
the groundwork for a binary decision mechanism that activates important regulatory genes, often 
encoding transcription factors, in only one of the two daughter cells following asymmetric cell 
divisions (Bertrand and Hobert, 2010). This mechanism is mediated by a Wnt/-catenin 
asymmetry pathway, which regulates the nuclear export of the TCF transcription factor POP-1 
and the degradation of the TCF coactivator, the beta-catenin SYS-1 (Kidd et al., 2005; Lin et al., 
1998; Mizumoto and Sawa, 2007). Following asymmetric cell division, Wnt signaling is 
activated in the posterior daughter cells, leading to the stabilization of SYS-1 and export of POP-
1 from the nucleus; high SYS-1 to POP-1 ratio triggers the formation of SYS-1/POP-1 complex 
and activation of target transcription. However, SYS-1 is degraded in the anterior daughter cells, 
and in the absence of coactivator the mostly free POP-1 represses transcription (Figure 1.3A). 
 Several examples suggest that this Wnt/-catenin pathway may be a general mechanism 
to generate two regulatory states (often transient) in the daughter cells from a common regulatory 
state in the mother cell (Figure 1.3A). In the early embryos, the EMS blastomere divides 
asymmetrically to generate the anterior daughter cell MS blastomere (which produces the 
mesoderm) and the posterior daughter cell E blastomere (which produces the endoderm). 
Although EMS, MS, and E blastomere all express the bZip transcription factor SKN-1 and the 
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GATA transcription factor MED-1, end-1, the master regulator of endodermal fate, is only 
activated in the E blastomere, because SYS-1/POP-1 cooperates with SKN-1 and MED-1 to 
activate end-1 in the posterior daughter cell and POP-1 by itself represses end-1 in the anterior 
daughter cell (Maduro et al., 2005). Another example is the activation of Meis transcription 
factor psa-3 in the Tp neuroblast cell. In the larva the T blast cell divides asymmetrically to 
generate the Ta cell (anterior daughter; an epidermal precursor) and the Tp cell (posterior 
daughter; a neural precursor). The Hox transcription factor NOB-1 and the Pbx cofactor CEH-20 
are expressed in all T, Ta and Tp cells but only activates psa-3 in Tp cells, because POP-1/SYS-
1 complex enriched in the posterior daughter facilitates psa-3 activation, whereas POP-1 alone 
represses psa-3 in the anterior Ta cell (Arata et al., 2006). This example also shows how 
asymmetric cell division contributes to gene activation specifically in neuronal lineage. 
 Asymmetric cell division is also directly involved in generating specific neuronal fate. 
The motorneuron SMDD and the interneuron AIY are derived from the same mother cell, in 
which the Zic transcription factor REF-2 and the bHLH transcription factor HLH-2 are 
transiently expressed to activate the ttx-3 homeodomain transcription factor. Asymmetric cell 
division leads to the activation of ceh-10, another homeodomain transcription factor, by SYS-
1/POP-1 and TTX-3 in the posterior daughter AIY neurons and the repression of ceh-10 in the 
anterior daughter SMDD neurons (Bertrand and Hobert, 2009a). Because TTX-3 and CEH-10 
are terminal selectors both required for the AIY fate (Wenick and Hobert, 2004), this asymmetric 
cell division restricted the AIY fate in one of the daughter cells. 
  Although the Wnt/-catenin pathway is also used to induce binary specification after 
asymmetric cell division in animals besides C. elegans, e.g. the annelid Platynereis and mice 
(Bertrand and Hobert, 2009b; Doe, 2008; Schneider and Bowerman, 2007), studies from 
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Drosophila and vertebrates suggest that the Notch signaling pathway provides another lineage-
based binary decision mechanism (Figure 1.3B). For example, the Midline precursor MP3 cell in 
the Drosophila CNS divides asymmetrically to generate the dopaminergic H-cell and 
glutamatergic H-cell sib neurons; high level of Notch signaling in H-cell sib activates 
transcription factors fkh, lim1, and sim and induces glutamatergic fate, whereas repression of 
Notch signaling in H-cell leads to the expression of the transcription factors SoxN and Tup, and 
the dopaminergic fate in the H-cell (Wheeler et al., 2008). Similarly, different levels of Notch 
signaling induces the expression of different transcription factors in V2a and V2b sister neurons 
that are generated by the final divisions of pair-producing progenitors in the zebrafish spinal cord 
(Kimura et al., 2008). Therefore, at least two independent mechanisms induce cell fate 
divergences following asymmetric cell divisions. 
 In contrast to deterministic mechanisms programmed through lineage history with 
predictable outcomes, fate diversities can also result from random fate decision that are stabilized 
and converted into robust developmental patterns. A prime example of this stochastic neuronal 
fate choice is the differentiation of the R7 and R8 photoreceptors in Drosophila visual system. 
R7 and R8 can each express one of two color-sensing protein Rhodopsins (Rhs), and R7/R8 pairs 
exist as two main subtypes according to the Rhs they express. Seventy percent of R7s express the 
PAS-bHLH transcription factor, Spineless (Ss), which activates the expression Rh4. However, 
which R7s express Ss is entirely random and varies from among individuals and even between 
the opposite retinas of the same fly (Wernet et al., 2006). Although the mechanism that controls 
the stochastic expression of Ss in R7 is unknown, the fate of R8 is determined by instructive 
signals from R7 once its own fate is fixed (Papatsenko et al., 1997). The randomness in fate 
adoption provides more options to generate neuronal diversities. 
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 After the binary decision, cell fate is often locked through various mechanisms that 
prevent alternative fates to be adopted. Terminal selectors can induce one fate and 
simultaneously suppress another. For example, in dorsal spinal cord Lbx1 promotes GABAergic 
identity and suppresses glutamatergic differentiation, whereas in the mesencephalon (Cheng et 
al., 2005), Helt selects GABAergic fate over glutamatergic fate (Nakatani et al., 2007). A more 
recent example shows that Fezf2, acting as a terminal selector, directly induces the glutamatergic 
identity of mouse corticospinal motor neurons by activating Vglut1 and inhibits a GABAergic 
fate by repressing Gad1 (Lodato et al., 2014). A bistable feedback loop is a more robust 
mechanism to lock neurons into specific terminal cell fate or subtype identity. For example, 
ASEL neuron expresses the C2H2 Zn-finger transcription factor die-1, which promotess the “left” 
identity and represses the Nkx6 homeodomain transcription factor cog-1, which determines the 
“right” identity. cog-1 is expressed in ASER and also represses die-1 expression in the right 
subtype (Figure 1.4). This mutual inhibition between die-1 and cog-1, which is mediated by 
microRNAs, form a bistable regulatory loop to control left-right subtype diversification.  
 In summary, binary cell fate decision, which is a general mechanism for cellular 
differentiation, occurs at every level of neural development, from the early commitment of 
ectodermal precursors to the neuronal lineage, to the cell fate level of neuronal type 
determination, and to the subtype level specification. At its essence, the generation of the entire 
nervous system can be reduced to millions of binary decisions; therefore, understanding the 
mechanisms of cell fate choice between two fates provides the building block for the regulatory 
logic that underlies neuronal diversity. Nevertheless, how the results of these binary decisions 




Figure 1.3. Wnt pathway and Notch signaling control binary cell fate decisions. (A) Wnt/beta-
catenin pathway induces gene activation in the posterior daughter cells after asymmetric cell 
division. The mother and two daughter cells all express the transcription factor A. Wnt signaling 
is active in the posterior daughter cell, leading to the formation of SYS-1/POP-1 complex, which 
cooperate with A to activate a target transcription factor B. SYS-1 is degraded and POP-1 is 
enriched in the nucleus in the anterior daughter cell; POP-1 alone represses the expression of B. 
(B) After asymmetric cell division, the two daughter cells acquire different levels of Notch 
signaling activity and this difference is stabilized through lateral inhibition based on Delta-Notch 
interaction. Low level of Notch signaling activates B, whereas high level of Notch signaling 
activates C, therefore generating two distinct regulatory states between the two daughter cells 
(modified from Bertrand and Hobert, 2010).     







Section B. Specification of Neuronal Subtypes  
 Neuron types can be classified in many different ways. Based on their general functions 
in the circuit, there are sensory neurons, interneurons, and motor neurons. Morphologically, there 
are unipolar, bipolar, multipolar, and multipolar pyramidal neurons. Anatomically, neurons can 
also be classified based on their positions along the anterior-posterior, dorso-ventral, and left-
right axes. Moreover, neurotransmitter identity (e.g. glutamatergic or dopaminergic), 
connectivity (e.g. synaptic targets), activity characteristics (e.g. firing patterns), and other criteria 
can also be used to categorize neurons. Therefore, the terms, “neuron type” and “subtypes”, 
represent various levels of specification under different developmental contexts. In this thesis, I 
define “neuron type” using the “terminal cell fate” concept described above; neurons that share 
the same cell fate, express the same set of terminal differentiation genes, and have similar 
functions can be classified into the same neuron type. Subtypes represent variations among 
neurons of the same type. This classification method appears to be appropriate for the simple 
nervous system of C. elegans, which have 302 neurons and 118 distinct morphologically distinct 
neuron type (White et al., 1986), but fails to describe the extraordinary variety of neuron types in 
the mammalian nervous system, which shows many (> 2) levels of specification among neurons 
that have similar general functions (e.g. motor neurons; see below). 
For example, in C. elegans the gustatory ASE neuron is a pair of two bilaterally 
symmetric chemosensory neurons that express Zn-finger transcription factor CHE-1, which acts 
as the terminal selector of the ASE fate by activating a battery of terminal differentiation genes; 
and che-1 is uniquely expressed in the ASE neurons (Uchida et al., 2003). Here, the “ASE” type 
is a classic example of neuron type based on my definitions. Furthermore, the ASEL and ASER, 
on two lateral sides, represent two subtypes that are morphologically identical (one is the mirror 
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image of the other), but functional divergent (Pierce-Shimomura et al., 2001). Because the left 













 ions (Figure 1.4; Hobert, 2014). Therefore, the ASE 
type can be divided into two subtypes; each contains only one neuron. In the touch receptor 
neuron type (TRN; discussed in details in Section D), the six cells can be divided into four 
subtypes, and the anterior ALM and posterior PLM subtypes each contain two bilaterally 
symmetric neurons. In this case, because the left and right cells do not show functional or 
transcriptional asymmetry, they belong to the same subtype. 
Classification of motor neurons is more complicated. There are in total 80 ventral cord 
motor neurons (MNs) belong to 8 different classes (Von Stetina et al., 2006; White et al., 1976); 
2 classes are GABAergic: DD, VD; and the other 6 are cholinergic: DA, VA, DB, VB, AS, and 
VC (A, B, C, and D types have different axon navigation patterns; D and V means the muscle 
target is on the dorsal or ventral side; AS is a separate group innervating dorsal muscle). All of 
the cholinergic neurons express the cell fate selector UNC-3 and a set of terminal differentiation 
genes (Kratsios et al., 2012). The different classes here may represent different subtypes with 
distinct morphological characteristics and connectivity. However, neurons (e.g. DA1-DA9) 
within the same class (e.g. DA) are located at distinct positions along the A-P axis (smaller 
number means more anterior) and display variations. For example, the DA8 and DA9 are 
morphologically different from DA1-7 and express some genes not activated in other DAs. 
Therefore, the nine DAs may need to be further separated into different categories below the 
level of subtypes. 
This classification issue is even more evident in vertebrate motor neurons. For example, 
spinal cord MNs are organized into columns based on the positions of their nuclei along the A-P 
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axis (Figure 1.7). Motor neurons from different columns innervate distinct muscles (e.g. HMC 
MNs innervate hypaxial muscles, whereas LMC MNs innervate limb muscles). Within the same 
columns, e.g. the LMC, MNs are organized into lhx1+ lateral and lsl1+ medial neurons, which 
innervate dorsal and ventral muscles and are marked by the expression of transcription factors 
lhx1 and lsl1, respectively (Dasen and Jessell, 2009; Peljto and Wichterle, 2011). Within each set, 
MNs are further clustered into domains, called motor pools; MNs in each of the motor pool 
express a unique profile of transcription factors, have distinct axon trajectories, and innervate 
specific muscle targets (Dasen and Jessell, 2009). For example, the Scip+lsl1+ pool innervates 
the flexor carpi ulnaris muscle in the forearm, Pea3+lsl1+ pool innervates the cutaneus maximus 
muscles, and the Pea3+lhx1+ pool innervates the longissimus dorsi muscle. It is conceivable 
that as we further dissect MN connectivity, subpools within the same motor pools may be 
identified. Therefore, “neuron type” and “subtypes” in this situation are no longer adequate to 
describe the multiple levels of specifications, a different classification and nomenclature system 
may be needed to describe MN differentiations. Nevertheless, the common theme about subtype 
specification is to generate diversity among similar neurons. 
Subtype Diversification along Body Axes 
 Subtypes of neurons sharing the same terminal fate are often located at distinct positions 
along the body axes (D-V, A-P, and L-R) and need to develop specific morphology, function, or 
connectivity to be integrated into different local circuits. A number of studies have established 
that Hox genes control subtype specification along the A-P axis in Drosophila and vertebrates 
(see Section C for details), and in this thesis I investigated the mechanisms by which Hox genes 
regulate A-P subtype diversification of sensory neurons in C. elegans (Chapters II and III). 
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 Studies have found that neurons like the gustatory ASE neurons in C. elegans also 
diversify along the left-right axis to acquire distinct chemosensation capabilities. This ASE 
diversification generates two independent salt-sensing circuits that are functionally 
complementary and behaviorally redundant, which leads to a robust chemotaxis behavior 
(Suzuki et al., 2008). Using the attraction to NaCl (or NaI or NaBr) as an example, ASEL neuron, 
which expresses the chemoreceptor gcy-14 to sense Na
+
, detects the increase in Na
+
 
concentration and triggers forward run behavior to speed up movements towards the attractant. 
ASER neuron, which expresses gcy-22 for sensing Cl
-





to the decrease in the concentration of the negatively charged ions and triggers reversal behavior 
to correct the crawling direction and to avoid moving away from the source (Smith et al., 2013b; 
Suzuki et al., 2008). Therefore, the striking differences between the functions of the ASE left and 
right subtypes equip the animal segregated abilities to sense ions and allow discrimination 
between different cues. 
 Such subtype diversity between closely related, terminally differentiated neurons can be 
generated during early embryogenesis (Cochella and Hobert, 2012). The ASEL and ASER 
neurons are derived from the ABa and ABp lineages, respectively, which are separated in the 
embryo only two cell divisions after fertilization (Figure 1.4). At this 4-cell stage, ABp becomes 
different from ABa because ABp receives a Notch signal from the adjacent P2 blastomere. This 
Notch signaling through the transmembrane protein GLP-1 represses the expression of T box 
transcription factors tbx-37 and tbx-38 in the ABp blastomere, which leads to chromatin 
compaction at the genomic locus of microRNA lsy-6. This transcriptionally repressive chromatin 
configuration at the lsy-6 locus is maintained in the ABp lineages, so the ASE fate selector CEH-
1 cannot activate lsy-6 in ASER. Because ABa is not in contact with P2, the lack of Notch 
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signaling allows the expression of tbx-37 and tbx-38, which loosen the chromatin around the lsy-
6 locus. This local chromatin decompaction in the ABa lineage allows CHE-1 to activate lsy-6 in 
ASEL. The ASEL-specific expression of the microRNA lsy-6 eventually leads to the left identity, 
and the lack of lsy-6 resulted in the right identity through an intricate regulatory network (Hobert, 
2014). Therefore, subtype divergence can be primed by embryonic signals and be predetermined 
during early cell divisions and later induced through a lineage-based mechanism. 
 Another striking feature about the subtype specification in ASE neurons is the bistable 
feedback loop that maintains the left-right asymmetry (Figure 1.6). The microRNA lsy-6 targets 
the Nkx6 homeodomain protein cog-1 and inhibits its expression, which allows the expression of 
the Zn-finger transcription factor die-1 in the left subtype (Johnston and Hobert, 2003; Johnston 
et al., 2005). DIE-1 directly activates ASEL-specific genes and specifies the left identity, while 
also suppressing the right identity through indirectly activating LIM domain protein lim-6, which 
represses the ASER-specific genes. In the right subtype, the lack of lsy-6 allows the expression 
of COG-1, which in turns suppresses DIE-1 expression through another microRNA mir-273, 
leading to an ASER identity (Cochella et al., 2014; Hobert, 2014). It is worth noting that the 
terminal selector CHE-1 controls the ground state of ASE, as all the bilaterally asymmetrically 
expressed genes are dependent on CHE-1. 
Left-right diversification is also seen in other C. elegans neurons, such as the 
morphologically bilaterally symmetrical olfactory neuron pair AWC, albeit through a completely 
different mechanism. The AWC subtype identities are determined by randomly forming gap 
junctions in a transient neural network that results in a calcium signaling in one of the two cells 
during development (Chuang et al., 2007). The neuron (either AWCL or AWCR with equal 






Figure 1.4. Subtype diversification of ASE neurons along the left-right axis is induced by an 
early embryonic signal. In 4-cell embryo, Delta/Notch signaling (apx-1 to glp-1) generates a 
difference between ABa and ABp blastomeres by inducing chromatin decompaction (red jagged 
surround) at the lsy-6 locus. This chromatin remodeling allows CHE-1 to activate lsy-6 in ASEL 
that descends from the ABa lineage but not in ASER that descends from the ABp lineage. A 
bistable feedback loop then mediates terminal differentiation of ASE-R or L fates. One the right 
side, ASEL (yellow) and ASER (Green) are morphologically symmetric but express different 
chemoreceptors, senses different ions, and have distinct functional outputs (adapted and 
modified from Jukam and Desplan, 2010). 
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and the other is specified as AWC
OFF
. This left-right asymmetry is later maintained through 
mutual inhibition of the two identities. This ON and OFF subtype diversification allows AWC 
olfactory neuron pair to express several GPCR-type olfactory receptors in a stochastic, anti-
correlated, left/right asymmetric manner. Neuronal subtype diversification along the left-right 
axis has been observed in the nervous system of Drosophila and mammals (Hobert et al., 2002). 
Subtype Specification in the Cerebral Cortex 
  The mammalian cortex is a highly complex organ containing at least hundreds of 
different neuron types, which makes understanding the origin of this extreme diversity or even 
the classification of neuronal types challenging. Thanks to recent advance in molecular tools that 
specifically label a group of neurons and genetic methods to create conditional knockout mice, 
neuroscientists begin to dissect the mechanisms that control neuronal differentiation and subtype 
specification in the cerebral cortex. Studies show that transcription factors, often acting in 
coordination, play essential roles in organizing neuronal diversification, which appears to be a 
common principle across all model organisms. Moreover, given the complexity of the cortex, it 
is not surprising to find that subtype specification is regulated in multiple levels at multiple 
dimensions and a temporal control throughout the progressive specification of subtypes is 
essential for the generation of neuronal diversity (Greig et al., 2013; Molyneaux et al., 2007). 
 The neocortex is organized into six distinct layers, namely layers I to VI from superficial 
to deep layers, and is populated by two major classes of neurons: the GABAergic interneurons 
and the glutamatergic projection neurons (Parnavelas, 2000). Inhibitory interneurons make local 
connections and are generated by progenitors from the ventral telencephalon and the migrate 
long distance to their final positions in neocortex (Wonders and Anderson, 2006), whereas the 
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excitatory projection neurons send axons to distant brain targets and are generated by progenitors 
from the dorsolateral wall of the telencephalon (Molyneaux et al., 2007). Interneurons are mainly 
categorized by their electrophysiological properties and migration patterns, whereas projection 
neurons (PNs) are classified mainly by their anatomical projections. In the following paragraphs, 
I will use PNs as an example to illustrate the molecular logic of subtype specification in the 
neocortex. 
 PNs can be broadly classified into three types: the associative PNs (which extend axons 
within one hemisphere and reside in all layers), the commissural PNs (which project across the 
midline to the contralateral hemisphere and reside primarily in layer II/III), and the corticofugal 
PNs (which project away from the cortex; Greig et al., 2013). Most commissural PNs are callosal 
projection neurons (CPNs) because they project through the corpus callosum. There are two 
major subtypes of corticofugal PNs (CFuPN): corticothalamic projection neurons (CThPN), 
which reside in layer VI and project to thalamus, and subcerebral projection neurons (SCPN), 
which reside in layer V and project to brainstem and spinal cord (Figure 1.5).  
Identity choice between the two CFuPN subtypes, CThPN and SCPN, is first regulated 
during neurogenesis. Because PN subtypes are generated in sequential phases (neurons that 
reside in deeper layers are generated earlier than that in more superficial layers), temporal 
control of neurogenesis determines which subtype is generated. For example, CThPN in layer VI 
is generated earlier than SCPN in layer V. Transcription factor SOX5 controls the orderly 
production of the two subtypes by directly repressing SCPN genes until the generation of CThPN 
is finished (Kwan et al., 2008; Lai et al., 2008).  
During postmitotic differentiation, transcription factors control subtype identities by 
repressing alternative fates. For example, the FEZ family Zinc finger protein Fezf2 in general 
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specifies the identity of corticofugal PNs (CFuPN) and represses the callosal PN (CPN) fate. 
Between the two CFuPN subtypes, Fezf2 is expressed at high level in SCPN and mainly drives 
SCPN identity, although its low expression in CThPN is also necessary for appropriate 
differentiation (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005). In Fezf2 mutants, 
SCPN is converted to a CPN-like fate by extending axons across the corpus callosum, mimicking 
the projection patterns of commissural PNs. Overexpression of Fezf2 is sufficient to redirect the 
CPN axons towards the subcortical targets, basically transforming CPN to a SCPN-like fate 
(Rouaux and Arlotta, 2013). Downstream of FEZF2, a second transcription factor Ctip2 controls 
the appropriate differentiation and axon outgrowth of SCPN (Arlotta et al., 2005; Chen et al., 
2008). In Ctip2 mutants, SCPN axons fail to reach the spinal cord and are misrouted and 
defaciculated. A T-box transcription factor Tbr1 selects CThPN identity over SCPN identity by 
directly repressing Fezf2 (Bedogni et al., 2010; McKenna et al., 2011). In the absence of Tbr1, 
CThPN show abnormally high expression of Fezf2 and Ctip2. Therefore, Fezf2 and Tbr1 
promote distinct subtype identities within the general CFuPN fate (Figure 1.5). 
 In the commissural PNs, transcription factor SATB2 promotes CPN specification and 
simultaneously repress CFuPN fate (Alcamo et al., 2008; Srinivasan et al., 2012). In Satb2 
mutants, no axons cross the corpus callosum and the expression of some CPN genes is lost. 
SATB2 represses CFuPN fate not by repressing Fezf2 but by directly repressing a major Fezf2 
downstream effector Ctip2, encoding another transcription factor.   
 The regulatory network established by the cross-regulation among transcription factors 
enables mutual exclusion of two alternate identities and allows subtype diversification (Figure 
1.5). Genetic interaction studies found that SCPN projection to spinal cord, which is lost in Fezf2 
mutants, is partially restored in Fezf2 Tbr1 double mutants, but the CThPN projection to 
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thalamus, which is lost in Tbr1 mutants, is still absent (McKenna et al., 2011). Therefore, SCPN 
identity appears to be the default CFuPN fate, while Tbr1 promotes specification of CThPN 
identity. Similarly, the defects in CPN projection across the corpus callosum in Satb2 mutants is 
partially rescued by mutations in Ctip2, suggesting that CPN identity can be at least partially 
fulfilled if the repression from the Fezf2/Ctip2 pathway is blocked (Srinivasan et al., 2012).  
These results fit very well with the general regulatory logic of subtype diversification this 
thesis proposes. Terminal selectors specify the general cell fate (general shape or default 
projection pattern), and transcription factors promote the divergence from this general fate by 
inducing subtype specification, and regulatory loop based on cross inhibition stabilizes the 
difference among subtypes identities. This principle appears to be well-conserved across species 
and may serve as a general mechanism to create neuronal diversity. 
Another important aspect of PN subtype differentiation is area-specific specification, 
which means that the same PN subtypes that are located in different cortical areas have to 
develop area-specific output connectivity by projecting to specific targets. This is controlled at 
the postmitotic level by the expression of area-specific transcription factors. For example, the 
LIM domain protein LMO4 is specifically expressed in the motor cortex and higher-order 
sensory areas, and Lmo4 controls the output connectivity of CPN and SCPN in the motor cortex 
(Cederquist et al., 2013). Moreover, the homeodomain protein OTX1 is necessary for 
establishing area-specific connectivity of SCPN in the visual cortex, showing an area-specific 
and subtype-specific function for transcription factors (Ando et al., 2008; Weimann et al., 1999). 
Therefore, the area identity and subtype identity of PNs may be independently defined by 





Figure 1.5. Subtype specification of neocortical projection neurons. (A) Corticofugal projection 
neurons (CFuPN) can be broadly classified into corticothalamic projection neurons (CThPN), 
which reside in layer VI and send axons to thalamus, and subcerebral projection neurons (SCPN), 
which reside in layer V and project to brain stem and spinal cord. (B) The major type of 
commissural projection neurons is callosal projection neurons (CPN), which reside in all layers 
and extend axons to contralateral hemisphere through the corpus callosum (CC). (C) A 
regulatory network specifies the subtype identities of SCPN, CThPN, and CPN. Subtype 






In summary, studies of subtype specification in C. elegans, Drosophila, and mice all 
suggest that neuronal diversity is generated by the expression of specific combinations of 
transcription factors in distinct subtypes and by the formation of intricate regulatory networks. 
However, several questions still remain unclear. First, how is the subtype-specific expression of 
transcription factors generated at the first place? Is there a lineage-based mechanism or 
extracellular signals that control their expression patterns? Second, how do the transcription 
factors that specify subtype identities interact with the terminal selectors that promote the general 
cell fate of the neuron? Third, what are the downstream effectors that mediate the activities of 
transcription factors in driving subtype identities? In many cases, these effector genes control the 
















Section C. The Role of Hox genes in neural development 
 Hox genes are a set of homeodomain transcription factors that specify regional identities 
along the anterior-posterior (A-P) axis during development, for which they were originally 
termed as “homeotic selector genes” (Lawrence et al., 1983). Hox genes are often clustered in 
the genome (Figure 1.6), and their position along the chromosome is usually collinear to the 
order of the Hox expression along the A-P axis (Krumlauf, 1992). This collinearity means that 
Hox genes placed at the 3’ end are activated earlier during development and are expressed at 
more anterior domains than genes positioned at the 5’ end. This highly ordered expression of 
Hox genes along the A-P axis makes them the central organizers of many developmental 
processes, including embryonic body planning, axial identity patterning, early neural 
development, and specification of neuronal fates. Importantly, the Hox clusters are evolutionarily 
conserved in the animal kingdom and have been directing A-P patterning during the 600 million 
years of evolution in the animal lineage (Heffer et al., 2013; Meyer, 1998). 
Hox Genes in the Development of Body Plan 
 The Hox genes were first discovered in Drosophila as two Homeotic Complexes: the 
Antennapedia complex consists of five genes, lab, pb, Dfd, Scr, and Antp, and the Bithorax 
complex consists of three genes, Ubx, abd-A, and abd-B (Figure 1.6). The function of these Hox 
genes in controlling the body plan was demonstrated by the observation that their mutations led 
to homeotic transformation of regional identity (Bender et al., 1983; Lewis, 1978; Lewis, 1985; 
Wakimoto and Kaufman, 1981). For example, Antp gene specifies the identity of the second 
thoracic segment (T2) and promotes leg formation; gain-of-function mutations that result in 
ectopic expression of Antp in the head caused the conversion of antenna into the second leg 
(Abbott and Kaufman, 1986; Schneuwly et al., 1987), whereas loss-of-function mutations of 
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Antp causes the opposite phenotype, the transformation of T2 to anterior identity and the 
conversion of the second or mesothoracic leg into an antenna (Struhl, 1981). Therefore, Antp in 
the thorax represses the default head fate. 
 In another example, the third thoracic segment (T3) bears a pair of legs and a pair of 
halteres (highly reduced wings that function in balancing). Ubx promotes T3 identity by 
repressing genes involved in wing formation (Weatherbee et al., 1998). Loss-of-function 
mutations in Ubx resulted in the halteres developing into a second pair of wings (Morata and 
Kerridge, 1982), whereas misexpressed Ubx in the second thoracic segment represses wing 
formation by suppressing wing genes, which results in a four-haltered fly (Castelli-Gair et al., 
1990). The ability of other Hox genes to specify segment identity during axial patterning has also 
been documented (McGinnis and Krumlauf, 1992). 
An important rule about Hox-mediated regional specification is posterior dominance, 
where Hox genes specifying more posterior structures repress the activity of more anterior Hox 
genes, but not of still more posterior genes (Schneuwly et al., 1987). For example, in the 
embryos Ubx specifies the identity of parasegment 6 (PS6), was able to transform all thoracic 
and head segments (the more anterior segments) toward the PS6 identity, but failed to transform 
the more posterior abdominal segments (Gonzalez-Reyes and Morata, 1990). Ubiquitous Antp 
expression could transform segments anterior to PS4, where it normally acts, but failed to 
transform more posterior segments (Gibson et al., 1990; Schneuwly et al., 1987). The mechanism 
of posterior dominance involves both transcriptional repression (Harding et al., 1985) and post-
transcriptional regulation through microRNAs (Yekta et al., 2008). More recently, Noro et al. 
(2011) found that posterior Hox proteins also suppress the activities of anterior ones by 
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competing for cofactor-dependent DNA binding. The cross-regulation among Hox genes help set 
up the boundaries between different Hox-expression domains and promotes regional specificity. 
 
Figure 1.6. The Hox clusters in C. elegans, Drosophila, and mice. Hox homologies among the 
three species are color coded. lin-39 in C. elegans is homologous to both Dfd and Scr. The 
arrows indicate imperfect collinearity in C. elegans; the genomic positions of ceh-13 and lin-39 
are inverted, resulting in the more anterior Hox gene placed downstream of a more posterior Hox 
gene. Zen, bcd, and ftz in the Drosophila are non-Hox genes present in the Hox cluster (Adapted 
from Pearson et al., 2005). 
Much of the Hox functions in axial patterning are conserved in vertebrates. For example, 
mice have 39 Hox genes, representing 13 paralogous groups, which are organized into four 
clusters (Hoxa, Hoxb, Hoxc, and Hoxd) on different chromosomes (Figure 1.6), with a 3'-to-5' 
order reflecting an anterior to posterior order of expression domain, as well as an early to late 
order of expression timing (Deschamps and van Nes, 2005). Given the large number of Hox 
genes, functional redundancy among the genes in the same paralogous groups is commonly 
observed (McIntyre et al., 2007; Wellik and Capecchi, 2003), and adjacent Hox genes often 
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contribute to the same regional tissue identity (Mallo et al., 2009; Philippidou and Dasen, 2013). 
This led to the hypothesis of a “Hox code”:  a combination of Hox genes functioning at a given 
axial level determines the specific morphologies along the A-P axis (Kessel and Gruss, 1990). 
Vertebrate Hox genes confer axial positional information to embryonic tissues from all 
three germ layers and pattern ectoderm-derived neural tissues, mesoderm-derived axial skeleton, 
and endodermal derivatives (Manley and Capecchi, 1998; Trainor and Krumlauf, 2000; Wellik, 
2009). A number of the studies focus on the morphological transformation of specific vertebral 
identity in Hox mutants. Mutations in individual mouse Hox genes alter the identity of tissues 
within the expression domain of the genes, most often in the posterior part of that domain. For 
example, simultaneous mutations of the three Hox10 genes caused lumbosacral region to acquire 
thoracic-like characteristics with vertebrates having associated ribs all along the thoracolumbar 
region (Wellik and Capecchi, 2003). Misexpression of Hoxa10 gene in the paraxial mesoderm of 
the thoracic segments resulted in completely rib-less animals (Carapuco et al., 2005), suggesting 
Hox10 represses the more anterior thoracic identity and rib formation. Similarly, Hox11 
determines the identity of sacral vertebrate and promotes the formation of sacrum structure, 
which is totally absent in Hox11 mutants (Wellik and Capecchi, 2003). The formation of the 
sacrum is also dependent on the inhibition of the rib-forming activity of Hox10, suggesting that 
proper body planning requires the coordination of Hox10 and Hox11. 
In the thoracic segments, Hox6 appears to induce thoracic characteristics, because 
expression of Hox6 in the presomitic mesoderm throughout all vertebral domains led to the 
development of ribs in the neck and lumbar areas (Vinagre et al., 2010). However, loss of Hox6 
genes or any single Hox paralogous group did not result in rib loss, suggesting that redundancy 
among different Hox paralogs in rid induction. Hox3, Hox4, and Hox5 contribute to the 
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establishment of appropriate morphology in the cervical skeleton (Horan et al., 1995). Using the 
specification of regional anatomical domains along the axial skeleton, these results clearly 
demonstrate that Hox genes functionally define regional identity during body planning. 
C. elegans only has six Hox genes, the anterior gene ceh-13/lab/Hox1, two central genes 
lin-39/Scr/Hox4-5 and mab-5/Antp/Hox6, and three Abd-B/Hox9-13-like posterior genes egl-5, 
php-3, and nob-1 (Figure 1.6). Although C. elegans body is segmented along the A-P axis, 
studies have showed that these Hox orthologs contribute to region specification during 
development. ceh-13 is involved in anterior organization in the embryos (Brunschwig et al., 
1999); lin-39 and mab-5 are needed for vulval morphogenesis, which occurs at the middle region 
of the body (Clandinin et al., 1997); egl-5 and nob-1 are required for tail development at the 
posterior side (Chow and Emmons, 1994; Van Auken et al., 2000). Therefore, the functions of 
Hox genes in body patterning are evolutionarily conserved across species.  
Hox Genes in Neural Patterning 
 In vertebrates, Hox genes play essential roles in organizing neural development in 
hindbrain and spinal cord, both of which contain diverse populations of motor neuron subtypes 
that innervate distinct groups of muscles. Hox paralogous groups 1-5 are expressed in the 
hindbrain, whereas Hox4-Hox11 genes are expressed in the spinal cord (Figure 1.7). In the 
nervous system, Hox genes not only instruct neural patterning in the early development but also 
contribute to neuronal subtype specification by regulating axon trajectories and circuit 
connectivity after the neurons are generated (Philippidou and Dasen, 2013). 
 During embryonic development, the hindbrain is transiently segmented into eight 
compartments, called rhombomeres (r1-r8), which give rise to the pons, medulla, and cerebellum. 
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The highly ordered expression of Hox genes along the A-P axis in the hindbrain provides 
instructive signal and positional information for the segmentation (Alexander et al., 2009b). The 
A-P boundaries of the expression domains of Hox genes are tightly linked to rhombomere 
segments (Lumsden and Krumlauf, 1996); for example, the anterior boundary of Hoxb2 marks 
r2/r3 junction, whereas the anterior boundaries of Hoxb1 and Hoxb3 map to the r3/r4 and r4/r5 
junctions, respectively (Figure 1.7A). The Hox expression patterns are consistent with their 
functions in controlling segmental patterning in the hindbrain. 
 In Hoxa1 mutants, r5 is absent, leading to the fusion of r4 and r6 (Carpenter et al., 1993; 
Mark et al., 1993); In Hoxb1 mutants, r4 fails to adopt its segmental identity and has an r2-like 
character (Studer et al., 1996); and Hoxa1/Hoxb1 compound mutants showed a combination of 
the two phenotypes (Gavalas et al., 2001). Because misexpression of either Hoxa1 or Hoxb1 
leads to a transformation of r2 into an r4 character (Zhang et al., 1994), Hoxa1 and Hoxb1 act 
together to specify r4 identity, and Hoxa1 has additional functions in forming r5. 
 Hoxa2 is the only Hox gene expressed in r2 and is responsible for r1/r2 boundaries; its 
mutation caused a reduction of r2 and an expansion of r1, which led to an enlargement of the 
cerebellum at the expense of the pons (Gavalas et al., 1997). Hoxa2 and Hoxb2 are both 
expressed in r3-r8; Hoxa2 mutants have reduced r3, and Hoxb2 mutants exhibited lost r4 identity 
(Gavalas et al., 2003). In Hoxa2/Hoxb2 compound mutants, inter-rhombomeric boundaries 
between r1 and r4 are all missing (Davenne et al., 1999). Hoxa1/Hoxa2 double mutants showed 
complete absence of rhombomere boundaries (Barrow et al., 2000). Therefore, Hox1 and Hox2, 
which are expressed before segmentation, are responsible for neural patterning and 
compartmentalization during early hindbrain development. These transient segments are 
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important for coordinating later neurogenesis and organizing the future motor nuclei along the 
A-P axis into separate groups that can differentiated into distinct subtypes. 
 In fact, Hox genes are also expressed in the neural progenitors in the hindbrain and later 
become more restricted into specific domains within rhombomeres along the dorso-ventral (D-V) 
axis. Disrupting this Hox expression pattern and dynamics leads to alteration in the distribution 
of neuronal classes along the D-V axis (Davenne et al., 1999; Gaufo et al., 2000; Pattyn et al., 
2003). In Hoxa3/b3 mutants, the domain of Oligo2+ MN progenitors is reduced, and the 
population of V2 interneuron progenitors is expanded (Gaufo et al., 2003), whereas targeted 
overexpression of Hoxa3 in r1-r4, where Hoxa3 is normally not expressed, led to the generation 
of ectopic somatic MNs (Guidato et al., 2003). Misexpression of either Hoxa2 or Hoxb1 in the r1 
led to the generation of branchiomotor neurons in the territory, which is normally devoid of this 
cell type (Jungbluth et al., 1999). Upon misexpression Hoxa2 induced trigeminal-like MNs, 
while Hoxb1 induced facial-like MNs, which is consistent with their normal functions. Therefore, 
besides inducing segmentation of hindbrain, Hox genes also control neurogenesis by specifying 
regional neuronal lineages. 
 In Drosophila, Hox genes function at multiple levels to pattern neural development. The 
ventral nerve cord (VNS) of Drosophila develops from a sheet of neuroectodermal cells, which 
give rise to the neural progenitors, the neuroblasts. In the developing VNS, which contains 3 
subesophagic, 3 thoracic, and 10 abdominal segments, each neural hemiunit contains an array of 
30 neuroblasts, which are named according to their positions (NBX-Y means the neuroblast at 
row X and column Y). Hox genes are responsible for generating diversity in both 
neuroectoderms and neuroblasts located in different body segments (Estacio-Gomez and Diaz-
Benjumea, 2014). At the neuroectodermal level, the expression of Hox genes Ubx and abd-A in 
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the neuroectoderms of the corresponding body region is necessary and sufficient for NB1-1 to 
generate different lineages in the thoracic and abdominal segements (Prokop and Technau, 1994). 
Moreover, Abd-B expressed in the neuroectoderms inhibits the formation of a specific set of 
neuroblasts in the most posterior abdominal segments, which therefore have less neuroblasts than 
other segments (Birkholz et al., 2013). Thus, Hox genes create segmental diversity in the number 
of progenitors. At the neuroblast level, Hox genes specify the formation of different progeny for 
the NB6-4 lineage in the thoracic and abdominal segments. Thoracic NB6-4 lineage produces 
both neurons and glia, whereas the abdominal NB6-4 only generates glial cells. Hox genes Abd-
A and Abd-B are responsible for these lineage differences (Berger et al., 2005). 
 In summary, leveraging the highly ordered expression along the A-P axis Hox genes 
participate in patterning the nervous system and also generating diversity in neurogenesis during 
early neural development. 
Hox Genes in Specifying Neuronal Identity 
  Hox genes also function in postmitotic neurons to specify their identities. Studies of the 
motor neuron (MN) specification in the hindbrain and the spinal cord suggest that Hox genes 
control the identity of individual neuronal subtype (Dasen and Jessell, 2009; Jessell, 2000). MN 
identity is mainly defined by the axon trajectory and the target muscle the axon innervates. For 
example, in the spinal cord MNs are organized into five columns according to their peripheral 
targets, and within a motor column the nuclei of MNs having the same target are organized into 
discrete clusters, known as the motor pools (Figure 1.7C).   
Each motor column expresses a different set of Hox genes, and the acquisition of specific 




Figure 1.7. Hox expression patterns in the hindbrain and spinal cord. (A) The expression of the 
vertebrate Hox genes is organized into distinct domains in the nervous system along the A-P axis. 
(B) The expression of Hox1-5 in the hindbrain. Hindbrain motor nuclei that develop from 
specific rhombomeres were shown. Roman numerals indicate specific cranial nerves. (C) The 
expression of Hox4-Hox11 in the spinal cord aligns with MN columns (Adapted from 
Philippidou and Dasen, 2013). 
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specification of PMC identity in phrenic MNs, which innervates the diaphragm; mutations in 
Hox5 caused defects in axonal arborization and diaphragm innervation, as well as reduced and 
disorganized PMC (Philippidou et al., 2012). Phenotypically, Hox5 mutants are breathless. 
Hoxc9 selects the thoracic identity over the brachial identity. In Hoxc9 mutants, thoracic PGC 
and HMC neurons are missing, and the thoracic MNs acquire a branchial LMC identity (Jung et 
al., 2010). In contrast to the thoracic motor columns, in which Hoxc9 is the only Hox gene 
expressed, brachial LMC express a series of Hox4-8 paralogs, several of which can confer LMC 
identity when misexpressed (Lacombe et al., 2013), suggesting that the identity of limb-
innervating LMC MNs are normally determined by redundant Hox inputs. This is consistent with 
the fact that LMC neurons are largely maintained upon the mutations of any one Hox paralogous 
group. Hox10 genes are the major determinants of the lumbar LMC identity, because compound 
mutants of Hox10 paralogs show defects hindlimb innervation and increase in lumbar MN 
apoptosis (Lin and Carpenter, 2003; Wu et al., 2008). MNs with thoracic fates extended into the 
lumbar column (Wu et al., 2008). These data suggest that a single Hox gene or a group of Hox 
paralogs can determine motor column fate. 
 Within the same column, Hox genes also function to generate diversity among motor 
pools that innervate distinct muscles. However, at this level of specification Hox genes from 
different paralogous groups act in combination to create unique “Hox codes” for individual 
motor pools. For example, within the brachial LMC the specification of Pea3+ motor pools, 
which innervate cutaneous maximus muscle, requires both Hoxc8 and Hoxc6. Mutation of either 
Hoxc8 or Hoxc6 resulted in the significant reduction of Pea3+ pool and innervation defects 
(Lacombe et al., 2013; Vermot et al., 2005). Further testing of different combinations of Hox 
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genes from the Hox4-Hox8 groups in the brachial spinal cord in chicks establishes that 
combinatorial Hox activity is essential for determining pool fates (Dasen et al., 2005). 
 In the hindbrain, Hox genes also specify motor neuron identity by controlling axon 
guidance and connectivity. For example, Hoxa2 controls the identity of trigeminal (V) MNs in r2 
and r3; deletion of Hoxa2 led to disorganized trigeminal MNs and misrounted axons (Gavalas et 
al., 1997). Hoxb1 determines facial (VII) MN identity in r4; in Hoxb1 mutants, facial MNs 
acquire an r2/r3-like character, showing trigeminal (V) MN-like axon trajectory and gene 
expression (Gavalas et al., 2003; Studer et al., 1996). Hox3 controls both abducens (VI) MNs 
identity on the ventral side of r5 and glossopharyngeal (IX) MN identity in r6 by instructing 
correct axon pathfinding (Gaufo et al., 2003; Manley and Capecchi, 1998; Watari et al., 2001). 
 Several Hox downstream effectors have been identified to mediate Hox activities in axon 
guidance, adhesion, branching, and migration. For instance, Hox6 activates a transcriptional 
cascade Foxp1/Raldh2/Lhx1 to upregulate the guidance molecule EphA4, which determines 
dorsal trajectory of lateral LMC neurons and correct innervation with limb muscles (Kania and 
Jessell, 2003). In the hindbrain, Hoxa2 activates the Slit guidance receptor Robo3, which 
controls the axon trajectory of anteroventral cochlear neurons (Di Bonito et al., 2013), and 
activates another Slit receptor Robo2 in migrating pontine neurons to prevent repulsion during 
migration (Geisen et al., 2008). Moreover, Hoxc6 and Hoxc8 indirectly activate the expression of 
cadherins and Semaphorin through the Ets family transcription factor Pea3 to control clustering 
of cell bodies in Pea3+ LMC motor pools and terminal arborization (Livet et al., 2002). Similarly, 
in Scip+ PMC pools Hox5 controls the expression of neurite growth-promoting, heparin-binding 
molecule Pleiotrophin and cell adhesion molecule ALCAM to promote axon branching and 
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clustering (Philippidou et al., 2012). However, the number of Hox target effectors identified 
during neural development is still limited given the indispensability of the Hox activities. 
 In Drosophila, the segment-specific peptidergic Va (ventral-abdominal) neurons offer 
another excellent system to study the function of Hox genes in subtype specification (Figure 1.8). 
Va neurons are initially generated in all VNC segments (T1 to A8) at the stage 14/15 of 
embryogenesis; all Va neurons adopt the Va fate by expressing the terminal selectors Dac and 
Dimm (Suska et al., 2011). At stage 16, Hox gene Antp induces downregulation of Dac and 
Dimm in the thoracic segments, which leads to the disappearance of Va neurons from T1 to T3. 
In the abdominal segments, Abd-B activates RHG-motif death activators rpr, hid, and grim, 
which promotes programmed cell death of Va neurons in A5-A8 segments. Within the remaining 
Va neurons in the A1-A4 segments, Abd-A induces further specialization of Va neurons to Capa-
expressing Va neuron in A2-A4, whereas Ubx present in A1 specifies an alternate Va subtype 
that does express Capa (Suska et al., 2011).  
Moreover, Hox genes also contribute to the generation and specification of other 
peptidergic neurons in the embryonic VNC (Figure 1.8). Antp is required for the generation of 
Ap neurons that express the transcription factor Apterous in the thoracic segments, where Antp 
prevents Va differentiation (Karlsson et al., 2010). In A6-A8 segments, where Abd-B induces Va 
apoptosis by activating RHG genes, it prevents cell death of dMP2 neurons by repressing the 
same RHG genes, which suggests that the action of Hox genes are highly cell-specific even in 
the same microenvironment (Miguel-Aliaga and Thor, 2004). The activity of Abd-B generates 






Figure 1.8. Hox genes direct subtype specification of peptidergic neurons in the Drosophila 
ventral nerve cord (Modified from Suska et al., 2011). Different types of neurons are color coded. 
Dac and Dimm are the cell fate determinants of Va neurons. RHG stands for the RHG-motif 
containing genes that activate programmed cell death.   
 
In summary, it appears to be a common mechanism for neuronal subtype diversification 
along the A-P axis that unique Hox expression profile in each subtype gives rise to the specific 
identity. However, questions about the mechanisms by which Hox genes control neuronal 
differentiation still remain. Does the rule of “posterior dominance” also regulate Hox activities in 
specifying neuronal subtypes during terminal differentiation? To what extent can a single Hox 
gene control the various aspects of subtype identities? How do Hox genes interact with the 
terminal selectors that control general cell fate? What are the downstream targets that mediate 




Section D. Neuronal Morphogenesis and Axon Guidance 
 One of the most astounding features of the nervous system is the complexity of neuronal 
morphology, which was first appreciated by the founder of modern neuroscience, Santiago 
Ramόn y Cajal, over 100 years ago. Neurons in the mammalian nervous system develop 
sophisticated dendritic architecture and their axons navigate through an intricate neuronal 
network to find the right synaptic target. Therefore, the growth of neuronal structures is tightly 
controlled by both extracellular and intracellular signals. Previous studies have uncovered a 
number of genes that are involved in neuronal morphogenesis, particularly the initiation, 
outgrowth, and guidance of axons (Chilton, 2006; Kolodkin and Tessier-Lavigne, 2011). 
Proteins coded by these genes can be categorized into three broad types of molecules: 1) the 
extracellular guidance molecules that direct the growth of axons and dendrites and their receptors 
expressed on the surface of the growth cone; 2) intracellular molecules that convert guidance 
information to cellular signaling that regulates growth cone motility; 3) cytoskeleton regulators 
that directly control the rearrangement of actin and microtubule cytoskeletons.  
Guidance Cues and Their Receptors 
 In vivo studies using model organisms and in vitro studies using culture neurons have 
collectively identified four major families of axonal guidance cues: the Netrins, Slits, 
Semaphorins, and Ephrins. Other guidance molecules include certain morphogens, growth 
factors, and cell-adhesion molecules. The function of these proteins as neuronal guidance cues 
are phylogenetically well conserved across species. 
 Netrin is first discovered in C. elegans as UNC-6, which is required for axon guidance 
along the dorsal-ventral axis (Hedgecock et al., 1990). UNC-6/Netrin, located at the ventral 
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midline, guides ventral extension of axons through its receptor UNC-40/DCC (Ishii et al., 1992; 
Leung-Hagesteijn et al., 1992) and repels axons expressing both UNC-40 and UNC-5 receptors 
towards the dorsal side (Chan et al., 1996; Hedgecock et al., 1990). Netrins are similarly found in 
the midline of Drosophila nervous system (Harris et al., 1996b) and vertebrate spinal cord 
(Serafini et al., 1994) and are also bifunctional, capable of  attracting and repelling axons through 
distinct receptors (Colamarino and Tessier-Lavigne, 1995). 
 Slits are large secreted proteins that are located at the dorsal midline and repel axons that 
express Robo receptors from the midline towards the ventral side, and Slits function similarly as 
chemorepellents in Drosophila, C. elegans, and vertebrates (Brose et al., 1999; Hao et al., 2001; 
Kidd et al., 1999). Slits also have branching activity for both axons and dendrites, which is also 
mediated by the Robo family receptors (Ma and Tessier-Lavigne, 2007; Whitford et al., 2002). 
 Semaphorins are a large protein family that includes secreted, transmembrane, and GPI-
linked proteins (Yazdani and Terman, 2006). The most extensively studied class 3 secreted 
Semaphorins (Sema3A-3G) have growth-cone collapsing properties, as their chick orthologues 
were originally called “collapsins” (Luo et al., 1993). Most Semaphorins (e.g. transmembrane 
Sema4 proteins and GPI-anchored Sema7 proteins) function as repulsive cues through the Plexin 
family of receptors; however, Sema3 proteins bind to Neuropilins, which are coreceptors of 
Plexin (He and Tessier-Lavigne, 1997; Tamagnone and Comoglio, 2000). The repulsive 
activities of Semaphorins act upon a variety of neuronal types, including motor, sensory, 
olfactory, and hippocampal neurons from both Drosophila and vertebrates (Tran et al., 2007). 
 It is worth noting that the Semaphorin-Neuropilin, Netrin-DCC, and Slit-Robo guidance 




Ephrins are cell-surface molecules; the EphrinA subfamily proteins are GPI-anchored, 
and EphrinB are transmembrane proteins (Klein, 2004). Ephrins activate the Eph family 
receptors as short-range guidance cues. Class A Ephrins interact with EphA receptors, and 
EphrinB binds to EphB receptors. Ephrins organize topographic projections that connect retinal 
ganglion cells with their target cells in the optic tectum by generating opposing gradients of 
Ephrin ligands and their Eph receptors along both D-V and A-P axes (Hindges et al., 2002; 
Huberman et al., 2005). Axons expressing high level of EphA are repelled by the high levels of 
EphrinA in the posterior tectum, whereas axons expressing high level of EphB are attracted by 
the high levels of EphrinB in the medial tectum, indicating functional versatility of Ephrins. 
Ephrins also serve as short-range attractants and repellents to guide central and peripheral axons 
and regulate dendritic morphology and synaptogenesis in the CNS (Egea and Klein, 2007). 
 Morphogens of the Wnt, Sonic hedgehog (Shh), and transforming growth factor b 
(TGFb)/bone morphogenetic protein (BMP) also have axon guidance functions. Wnt proteins act 
as guidance cues along the A-P axis. Wnt ligands repel axons expressing the receptor tyrosine 
kinase Derailed/Ryk in both Drosophila (Yoshikawa et al., 2003) and mouse (Liu et al., 2005) or 
the Frizzled receptor in C. elegans (Blakely et al., 2011; Hilliard and Bargmann, 2006; Pan et al., 
2006). Wnt proteins can also attract ascending commissural axons from the mouse spinal cord to 
the brain through the Frizzled receptor (Lyuksyutova et al., 2003) and act as attractive cues for 
neurite outgrowth (Song et al., 2010) and dendritic formation (Kirszenblat et al., 2011). In 
vertebrates, Shh acts as a repellent for retinal ganglion cells and an attractant for spinal 
commissural axons through a receptor complex including Smo, Ptch, Boc, and CDO (Charron et 
al., 2003; Okada et al., 2006; Trousse et al., 2001). BMPs act as roof plate-derived 
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chemorepellents and guide the early trajectory of commissural axons away from the dorsal 
midline through type I BMP receptors (Augsburger et al., 1999; Yamauchi et al., 2008). 
  Cell adhesion molecules, such as Fasciclin from the immunoglobulin (Ig) superfamily, 
regulate axonal fasciculation through homophilic adhesion (Harrelson and Goodman, 1988; Lin 
and Goodman, 1994). More recently, heterophilic adhesion is also found to guide axons in 
Drosophila; the Ig superfamily member Sidestep expressed by intermediate targets function as an 
attractant for motor neuron axons that express another Ig superfamily member Beaten Path Ia 
(Siebert et al., 2009). Therefore, cell surface molecules mediating cell-cell adhesion may in 
general serve as short-range guidance cues.  
Intracellular Signaling Molecules 
 Second messengers (Ca
2+
 and cyclic nucleotides) and Rho family small GTPases appear 
to be the most common intracellular factors that mediate guidance receptor signaling (Bashaw 
and Klein, 2010).  
Increase in Ca
2+
 influx and calcium-induced calcium release (CICR) from the internal 
stores can be triggered by guidance cues, and in vitro evidence suggest that moderate increases in 
Ca
2+ 
favor attraction, whereas high or low amplitude increases favor repulsion (Gomez and 
Zheng, 2006; Zheng and Poo, 2007). Polarized change of Ca
2+
 concentration in the growth cone 
appears to be instructive signal and is sufficient to induce tuning response (Zheng, 2000). 
Attractants like Netrin and BDNF leads to membrane depolarization and asymmetric elevation of 
Ca
2+
 level in the growth cone (the side facing the position of the cue has higher level of Ca
2+
), 
which leads to CICR, activation of TRP channels, and opening of voltage-gated calcium 
channels (Li et al., 2005; Wang and Poo, 2005). The resulting gradient of calcium concentration 
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directs growth cone attraction. Repellants like Semaphorin and Slit lead to depolarization, but 
activation of Plexin or Robo receptors leads to the increase of cGMP, which in turn activates 
cyclic nucleotide gated calcium channels (Togashi et al., 2008). The resulted gradient of calcium 
and cGMP across the growth cone causes axon repulsion. 
The ratio of cAMP to cGMP can also determine whether a guidance cue is attractive or 
repulsive: high ratio favors attraction, whereas low ratio favors repulsion (Nishiyama et al., 
2003). During Drosophila motor axon guidance cAMP signaling activates protein kinase A, 
which inhibits Sema/plexin-mediated repulsion and modulates the strength of guidance output 
(Terman and Kolodkin, 2004). As described above, cGMP plays an instructive role in mediating 
repulsion; and the elevation of cAMP and activation of PKA mediates Netrin-induced outgrowth 
and attraction (Corset et al., 2000). 
Ca
2+
 and cyclic nucleotide signaling regulates kinases like PKA, PKC, and CamKII, 
protein phosphatase like calcineurin and PP1, Calpain protease, and Rho GTPases (Bashaw and 
Klein, 2010), which ultimately lead to growth cone movement.   
Many intracellular signaling initiated by guidance receptors converge on the regulation of 
Rho family small GTPases, which in turn modulate cytoskeleton dynamics to control axonal 
growth (Hall and Lalli, 2010). The activity of Rho GTPase is controlled by the cycling between 
an inactive GDP-bound state and an active GTP-bound state. Guanine nucleotide exchange 
factors (GEFs) induces the exchange of GDP with GTP, thus activating Rho GTPases, whereas 
GTPase activating proteins (GAPs) stimulate the hydrolysis of GTP to GDP, which inactivates 
Rho GTPases (Ellenbroek and Collard, 2007). Rho family GTPases belongs to the Ras 
superfamily (Wennerberg et al., 2005), which contains at least ten subfamilies (notably Rho, Ras, 
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and Rab subfamilies). Within the Rho subfamily, Rac (e.g. Rac1, Rac2, and RhoG), Cdc42 (e.g. 
Cdc42), and Rho (e.g. RhoA) are the three major subfamilies. 
Studies using in vitro cultured neurons found that R-Ras, Rac, and Cdc-42 induce 
polarization of neurons and specification of axons during the initiation stage (Nishimura et al., 
2005; Oinuma et al., 2007; Watabe-Uchida et al., 2006); and Rac, RhoG, and Cdc-42 play 
important roles in promoting axon growth through effectors that regulate actin and microtubule 
cytoskeleton during the extension stage (Estrach et al., 2002; Leeuwen et al., 1997). In contrast, 
Rho and its downstream effector ROCK negatively regulate both neuritogenesis and axon 
outgrowth in cultured neurons (Da Silva et al., 2003; Govek et al., 2005). In vivo studies support 
that the Rac family GTPase Rac1, Rac2, and Mtl/RhoG have overlapping functions in the control 
of axon growth and guidance (Hakeda-Suzuki et al., 2002; Lundquist, 2003; Ng et al., 2002); 
Cdc42 promotes axon formation (Garvalov et al., 2007), whereas RhoA inhibits neurite 
outgrowth (Zallen et al., 2000). 
Because Rac and Cdc42 induce the formation and extension of protrusion that contains 
filapodia and lamellipodia, and RhoA promotes actin stress fiber formation and cellular 
contraction (Etienne-Manneville and Hall, 2002), it was hypothesized that Rac and Cdc42 
activation mediates attractions, whereas RhoA activation mediates repulsions in response to 
guidance cues. However, this notion has been challenged by the observations that growth cone 
collapse and axonal repulsion induced by Sema3A and Slit both require Rac activation (Fan et al., 
2003; Turner et al., 2004). Therefore, there is currently no consensus how Rho GTPases mediate 
repulsion, as distinct repulsive guidance cues regulate RhoA, Rac, and Cdc42 activity in different 
ways depending on the cellular contexts. However, given the large number of mammalian GEFs 
and GAPs (Schmidt and Hall, 2002), it is possible that a highly complex, temporal and spatial 
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control of Rho activities by GEFs and GAPs may mediate cellular response to guidance signals. 
This hypothesis is partly supported by the fact that different guidance receptors activate Rho 
GTPases through distinct GEFs. 
For example, both Semaphorin and Ephrin induce growth cone collapse by activating 
RhoA and Rac but through different GEFs. In Semaphorin signaling, Sema4D binds to the 
plexin-B1 receptor and activates RhoA through the PDZ-RhoGEF and LARG (Swiercz et al., 
2002), and Sema3A/plexin-A1 activates Rac through the RacGEF FARP2 (Toyofuku et al., 
2005). In Ephrin signaling downstream of the EphA4 receptor, GEF ephexin activates Rho 
(Shamah et al., 2001) and GEF Vav2 activates Rac (Cowan et al., 2005). Moreover, Rac activity 
is required for both axonal repulsion and attraction through different GEFs. Slit/Robo signaling 
induces repulsion by activating Rac through the Ras/Rac GEF Sos (Yang and Bashaw, 2006), 
whereas Netrin-induced growth attraction, acting through the DCC receptor, requires the Rac 
activation by two GEFs, DOCK180 and Trio (Briancon-Marjollet et al., 2008). 
Cytoskeleton Regulators 
 The third type of molecules is effectors downstream of second messengers and Rho 
GTPases. They directly regulate cytoskeleton dynamics in growth cone protrusions and can be 
broadly categorized into two classes: actin regulators and microtubule regulators. The growth 
cone contains a highly dynamic network of filamentous actins (F-actin) and microtubules (MT). 
Regulation of this dynamics is essential for the reorganization of growth cone cytoskeletons in 
response to guidance signals. 
 Using a combination of genetics and in vitro assays, a number of actin regulators are 
found to act downstream of various guidance pathways, and their functions in guidance appear to 
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be conserved across species (Dent et al., 2011). For example, the barded-end binding proteins 
Ena/VASP, which promote assembly of long, sparsely branched F-actin networks (Bear and 
Gertler, 2009), are required to elicit filapodia formation and elongation for netrin-induced 
attraction (Lebrand et al., 2004). In the Netrin pathway, DCC receptor activates cAMP-
dependent kinase PKA, which in turn promotes filopodia formation in an Ena/VASP-dependent 
manner (Lebrand et al., 2004). Interestingly, Ena/VASP proteins also play important roles in 
mediating repulsion downstream of Slit/Robo (Bashaw et al., 2000) and Netrin/UNC-5 (Colavita 
and Culotti, 1998), although it is not clear how Ena/VASP-mediated actin polymerization 
enhances repulsive axon guidance. 
 The F-actin binding protein UNC-115/Ablim promotes F-actin bundling and filapodia 
formation and acts as an effector in the UNC-40/DCC pathway, in which UNC-40 activates the 
Rac GTPases through the GEF UNC-73/Trio, and UNC-115 acts downstream of Rac signals 
(Gitai et al., 2003; Struckhoff and Lundquist, 2003; Yang and Lundquist, 2005). 
The actin-binding non-receptor tyrosine kinase Abl promotes F-actin bundling and also 
phosphorylates other cytoskeletal regulatory proteins, such as Ena/VASP and WAVE family 
proteins (Bradley and Koleske, 2009). In Drosophila, Abl is required with various interacting 
genes to form axonal connections in embryonic CNS (Gertler et al., 1989) and also regulates 
guidance of ISNb motor neurons (Wills et al., 1999). Abl functions in Slit-induced repulsion by 
phosphorylating and activating Robo receptors and also act in Netrin guidance by interacting 
with DCC receptors and the Rac GEF Trio, showing diverse functions in both repulsive and 
attractive midline guidance systems (Bashaw et al., 2000; Forsthoefel et al., 2005). 
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Other notable actin regulators involved in axon guidance include F-actin motor protein 
Myosin, F-actin severing protein Cofilin, actin depolymerizing protein Mical, monomer-binding 
protein profilin and CAP, as well as actin-nucleating proteins Arp2/3 complex and formin family 
proteins (Dent et al., 2011). 
The second class of cytoskeleton regulators is the microtubule-associated proteins 
(MAPs). Recent studies have shown that many MAPs function in growth cone turning and axon 
guidance decisions.  
The growing (+) ends of microtubules (MTs) are stabilized by plus-end-tracking proteins 
(+TIPs), which prevent the conversion from polymerizing to depolymerizing states, known as 
“catastrophe” (Akhmanova and Steinmetz, 2008). +TIP proteins APC and APC2 are positive 
regulators of growth cone turning, present in the protruding and absent from the collapsing 
growth cone regions (Koester et al., 2007), and APC2 is required for MT stabilization in ephrin-
A2-stimulated axon outgrowth and guidance (Shintani et al., 2009). Another +TIP protein Nav1 
mediates attractions to Netrin (Martinez-Lopez et al., 2005). Interestingly, CLASP, the first +TIP 
protein implicated in axon guidance, acts downstream of Slit/Robo/Abl repulsive signaling, 
suggesting that MT stabilization can also induce growth cone collapse through some unknown 
mechanisms (Lee et al., 2004). 
MT-stabilizing protein MAP1B, which directly binds to MT and serves as a structural 
component of MT, stabilizes MTs preferentially on the side of the growth cone during Netrin-
induced attractive turning; MAP1B is activated through GSK3 and cdk5 in the Netrin pathway 
(Del Rio et al., 2004). The CRMP family proteins, although promoting MT assembly and 
stabilization, has essential roles in mediating growth cone collapse downstream of the Sema3A 
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signaling pathway (Schmidt and Strittmatter, 2007); and mutations in unc-33, CRMP homolog in 
C. elegans, leads to defects in axon guidance and neural circuit assembly (Li et al., 1992). 
Although increased MT stabilization seems to be occur at the turning side of growth cone, 
the function of MT-destabilizing and severing proteins in guidance has not been clearly 
demonstrated. Kinesins and dyneins are MT motor proteins that transport materials towards the 
growth cone or towards the cell body, respectively. However, kinesin can also destabilize MTs at 
their +ends (Kline-Smith and Walczak, 2002), and cytoplasmic dynein can associate with the 
rapidly growing +ends to act as a +TIP protein (Malikov et al., 2004). These regulatory functions 
of MT motor proteins have been implicated in sensory axon projections in Drosophila CNS 
(Phillis et al., 1996) and growth cone turning (Myers et al., 2006; Nadar et al., 2008). 
In summary, overwhelming evidence suggest that the downstream guidance effectors, the 
actin and microtubule regulators, are in general multifunctional, mediating growth cone response 
to multiple repulsive and attractive cues. These observations support the notion that guidance 
receptor signaling pathways converge on the regulation of cytoskeleton dynamics. The 
interaction among the regulators and the net effects of these regulators on actin-MT network are 
probably dependent on cellular contexts and the identity of the guidance cue, but how the 
guidance information is integrated with intracellular signaling to generate directional movement 
of the growth cone is largely unclear. Nevertheless, the functional versatility of the guidance 
effectors may provide the flexibility a grown cone needs to navigate through a complex neuronal 





Section E. Touch Receptor Neurons in C. elegans as a model 
 This thesis mainly uses the touch receptor neurons (TRN) in C. elegans as a model 
system to study various aspects of neuronal differentiation. In this section, I will discuss the 
major advantages of using C. elegans to study neuronal development. 
C. elegans as a Model to Study Neuronal Differentiation 
  C. elegans was first established as a model organism by Sydney Brenner about 50 years 
ago to study the development of the nervous system (Brenner, 1974). Since then, discoveries in 
C. elegans have pioneered our understanding of the development of multicellular organisms and 
significantly advanced not only developmental neuroscience but almost all fields of biology. Just 
name a few, the first myosin gene (unc-54), the first axon guidance molecule (UNC-6/Netrin), 
and the first microRNA (lin-4) and its target (lin-14) were all discovered in C. elegans (Corsi et 
al., 2015). Moreover, numerous techniques and biological tools developed in the past half 
century have made C. elegans a genetically amenable organism for the analysis of gene functions. 
Forward genetic screen, in combination with whole-genome sequencing technique, makes gene 
discovery highly efficient (Minevich et al., 2012); RNA interference through feeding makes 
surveying a large set of candidate genes easy (Timmons et al., 2001); the development of GFP as 
a fluorescent marker in living animals (Chalfie et al., 1994) makes the study of gene expression, 
protein localization, neuronal morphogenesis, and many other subjects convenient. In this thesis, 
I will demonstrate how to use these tools to study the genetic mechanism of neuronal 
differentiation at a single-cell resolution in C. elegans. 
 C. elegans has a simple nervous system containing only 302 neurons representing 118 
morphologically distinct neuron types in the adult hermaphrodites (White et al., 1986), which 
makes it highly accessible to the study of neural development, synaptic formation, and circuit 
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assembly. Importantly, a complete cell lineage for the entire animal from fertilization to 
adulthood is available; the morphology of every single neuron is described in details; and 
fluorescent reporters exist for virtually every neuron type as cell fate markers. All the three 
critical resources make C. elegans nervous system the prime model to study cell fate 
determination. Moreover, neuronal structures can be visualized in a living animal by cell type-
specific fluorescent markers, making it possible to conduct large-scale genetic screens to identify 
genes required for axonal guidance and outgrowth.   
Specification of the TRN Cell Fate 
 This thesis focuses on the touch receptor neurons (TRNs), which are a set of six 
mechanosensory neurons that mediate gentle touch along the body (Figure 1.9A). Among the six 
cells, ALML/R and PLML/R are two pairs of bilaterally symmetric, embryonically derived 
neurons located at the anterior and posterior halves of the body, respectively (Chalfie and 
Sulston, 1981). Morphologically, both ALM and PLM neurons have one anteriorly directed 
process that branches at a distal position, but PLM neurons also have a prominent posterior 
process. In addition, ALM neurons lie subdorsally, whereas PLM neurons lie subventrally. AVM 
and PVM neurons arise from postembryonic lineages (Sulston and Horvitz, 1977); both have 
only one anteriorly directed neurite; AVM and PVM cell bodies are located at the anterior and 
posterior halves of the body. Compared to ALM and PLM neurons, AVM and PVM neurons 
contribute less to the detection of mechanical stimuli (Chalfie and Sulston, 1981). 
  All the six touch receptor neurons share the same TRN terminal cell fate by expressing 
the terminal selectors UNC-86 and MEC-3, which form a heterodimer to cooperatively activate 
the expression of TRN terminal differentiation genes (Figure 1.9B). UNC-86 is the first POU-
domain transcription factor ever discovered (Finney et al., 1988), MEC-3 is a founding member 
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of the LIM domain protein family (Way and Chalfie, 1988), and the cooperative binding of 
UNC-86 and MEC-3 to DNA is among the first examples of such regulatory synergy (Xue et al., 
1993). Over the last 30 years, our laboratory has identified genes that are required for the touch-
sensing function of TRNs through forward genetic screen (Chalfie and Au, 1989) and also 
identified genes that are highly expressed in TRNs compared to other tissues through microarray 
expression profiling (Topalidou et al., 2011; Zhang et al., 2002). From these studies emerged a 
battery of TRN terminal differentiation genes that collectively define the TRN fate (Figure 1.9B). 
Among these genes, mec-4 and mec-10 code for the DEG/ENaC mechanosensory channel 
proteins that are responsible for detecting mechanical stimuli (O'Hagan et al., 2005); mec-7 and 
mec-12 code for - and -tubulins that make 15-protofilament MTs that are only found in the 
TRN cells (Savage et al., 1989); and  mec-1 and mec-9 code for extracellular matrix proteins that 
organize the mechanosensory channel complex (Emtage et al., 2004). Some of these genes, such 
as mec-4, mec-7, mec-17, and mec-18, are only expressed in the six TRN cells and therefore can 
serve as cell fate markers. Other genes like mec-1 and mec-6, although required for touch 
sensitivity, are more broadly expressed in many tissues. 
 The concept of “coregulation” (introduced in Section A) applies to the TRN fate, because 
UNC-86 and MEC-3 coregulate the expression of those TRN terminal differentiation genes 
through similar UNC-86/MEC-3 binding sites. This direct regulation through cis-regulatory 
motifs is experimentally confirmed in a handful of target genes (Duggan et al., 1998), and 
putative UNC-86/MEC-3 binding sites are found in the promoter region of many TRN genes 
(Zhang et al., 2002). Importantly, recent studies suggest that UNC-86/MEC-3 also regulates the 
glutamatergic identity of TRN neurons by activating eat-4, the vesicular glutamate transporter, 
through similar cis-regulatory element (Serrano-Saiz et al., 2013), which further supports that 
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UNC-86 and MEC-3 indeed coregulate many different aspects of TRN fate and serve as classical 
examples of terminal selectors. Moreover, UNC-86/MEC-3 binding sites are also found in the 
mec-3 promoter, and both UNC-86 and MEC-3 are required for the autoregulation of mec-3 (Xue 
et al., 1992). Recent studies from our lab found that the homeodomain transcription factor ALR-
1 is also required for mec-3 autoregulation by restricting the variable mec-3 expression to the 
high end (Topalidou et al., 2011). 
 
Figure 1.9. The morphology and the terminal cell fate of TRNs. (A) Schematic presentation of 
the positions and shapes of the TRNs (Adapted from Chalfie and Sulston, 1981). (B) UNC-86 
and MEC-3 act as terminal selectors to activate a battery of TRN terminal differentiation gene 
through similar UNC-86/MEC-3 binding sites (blue box) located in the promoters of the TRN 
genes. Gene names are in black, and the type of the proteins encoded by the TRN genes are in 




 Although our previous work established UNC-86 and MEC-3 as the TRN cell fate 
determinants, how the TRN fate is restricted to the six TRN cells is not entirely understood. 
Throughout the lineage unc-86 is expressed in 57 neurons, of which only ten (six TRNs, two 
FLPs, and two PVDs) express mec-3, and only six of the ten adopt the TRN fate (Figure 1.10A; 
Baumeister et al., 1996). Since unc-86 is expressed in the precursors of TRNs and activates mec-
3 immediately after the TRNs are generated, UNC-86 appears to act upstream of MEC-3 in the 
regulatory hierarchy. However, it is not clear why UNC-86 does not activate mec-3 in the rest 47 
neurons. Moreover, the FLP and PVD neurons do not express the TRN fate even though both 
UNC-86 and MEC-3 are expressed in the four cells. 
 Two hypotheses can be proposed to understand the specification of TRN fate. The first 
hypothesis suggests that inhibitory mechanisms prevent UNC-86 from activating mec-3 in those 
47 neurons and prevent UNC-86/MEC-3 from activating the TRN genetic programs in FLP and 
PVD cells. These inhibitory factors could be common among all the cells or be different from 
cell to cell. This inhibition hypothesis predicts that removal of such inhibitory factors should 
activate mec-3 and the TRN markers in neurons other than the six TRNs. Genetic data partly 
support this hypothesis (Figure 1.10B). Mutations in C2H2 zinc-finger protein pag-3 cause BDU 
neurons, the ALM sister cells, to express mec-3 and adopt a TRN fate (Gordon and Hobert, 
2015); mutations in the SOX domain transcription factor egl-13 lead to ectopic expression of 
TRN markers in AQR and PQR (Feng et al., 2013); and mutations in another Zn-finger 
transcription factor sem-4 converted PHC neurons to a TRN-like fate (Toker et al., 2003). 
Interestingly, the factors that repress mec-3 and the TRN fate are different in each of the three 
cases, arguing against a common inhibitory mechanism, and extensive genetic screens only 
identified negative regulators for 6 out of the 47 neurons, suggesting other mechanisms may also 
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exist. Downstream of MEC-3, the TEA domain transcription factor EGL-44 and the Zn-finger 
protein EGL-46 repress TRN fate in FLP neurons (Wu et al., 2001), but the inhibitory 
mechanism in PVD neurons is still unknown.  
Figure 1.10. The TRN lineages and fate specification. (A) Lineages that express unc-86. All the 
neurons with names express unc-86 throughout developmental stages (Modified from 
Baumeister et al., 1996). The red bars indicate the expression after cell divisions and also 
expression in the precursor cells. Neurons having names in blue and red are the TRN neurons 
and mec-3-expressing non-TRN neurons, respectively. (B) Ectopic expression of TRN fate in 
mutants. The upper and lower panels show direct comparisons of the lineage between wild-type 
and mutant animals. Blue indicate the expression of TRN fate markers. The names of the 




 The second hypothesis assumes that some unknown factor cooperates with UNC-86 to 
activate mec-3 only in the ten cells, where the expression of the unknown factor overlaps with 
the expression of UNC-86. For the activation of TRN program, yet another unidentified positive 
regulator acts together with UNC-86/MEC-3 to promote the TRN fate only in six cells but is not 
expressed in FLP and PVD neurons. Systematically screening all transcription factors for their 
contribution to the expression of the TRN fate could potentially lead to the identification of such 
positive regulators (see Chapter IV). 
Subtype Difference among the TRNs 
 Although sharing the same TRN fate, the six TRNs can be divided into four subtypes 
with distinct features. The two postembryonic subtypes AVM and PVM have been used 
extensively to study neuroblast migration (Ou and Vale, 2009), because the AVM and PVM 
precursors migrate towards the anterior and posterior, respectively. A number of studies have 
discovered that these precursors activate different genes to enable migrations towards the 
opposing directions (Harris et al., 1996a; Salser and Kenyon, 1992; Tamayo et al., 2013), and the 
transcriptome difference in the precursors may also affect the subtype identities of AVM and 
PVM neurons.  
 This thesis mainly focuses on the two embryonically derived TRN subtypes, the ALM 
and PLM neurons, which differ morphologically, genetically, and synaptically. First, ALM 
neurons are unipolar, whereas PLM neurons are bipolar, having an extra posteriorly-directed 
neurite (Chalfie and Sulston, 1981). Both ALM cell body and processes lie subdorsally, whereas 
the PLM neurons and their neurites lie subventrally. Second, mutations in egl-5 only eliminates 
posterior touch sensitivity but have no effects on the anterior side (Chalfie and Au, 1989), 
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suggesting that genes may be expressed or function differentially between the two subtypes. 
Third, ALM neurons form excitatory gap junctions with the AVD interneurons, which control 
backward movement, and inhibitory chemical synapses with PVC interneurons, which control 
forward movement, whereas PLM neurons do the reverse (Chalfie and Sulston, 1981; Chalfie et 
al., 1985). These neuronal connections imply distinct functional output of the two subtypes. 
 The clear morphological and functional differences between ALM and PLM neurons 
provide a great opportunity to study the genetic basis of neuronal subtype specification along the 
anterior-posterior axis. Moreover, the small number (six) of Hox genes also makes it convenient 
to study how individual Hox genes contribute to subtype diversification during terminal neuronal 
differentiation (see Chapters II and III).  
Axonal Guidance in TRNs  
TRNs have also been a great model to study axonal outgrowth and guidance because of 
their well-defined morphologies with long neuronal processes. For example, the attractive 
guidance by UNC-6/Netrin through its receptor UNC-40/DCC was first discovered by studying 
the ventrally directed extension of AVM and PVM processes (Hedgecock et al., 1990); and the 
longitudinal guidance of ALM and PLM neurites was used to identify the function of Wnt 
proteins in regulating axonal outgrowth (Hilliard and Bargmann, 2006; Pan et al., 2006). 
TRNs have a special 15-protofilament microtubules (MTs) that are made of TRN-specific 
-tubulin (MEC-12) and -tubulin (MEC-7; Savage et al., 1989), which offers a chance to study 
how the regulation of MT assembly and structure affect neuronal outgrowth. Indeed, previous 
studies have found that mec-7 dominant-negative mutations that disrupt tubulin dimerization 
strongly inhibit neurite outgrowth in TRNs (Savage et al., 1994). Whereas another gain-of-
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function mec-7 mutation and the loss-of-function mec-17 (encoding a -tubulin acetyltransferase) 
mutations lead to the growth of an ectopic ALM posterior neurite (Kirszenblat et al., 2013; 
Topalidou et al., 2012), suggesting that the dysregulation of the MTs could also lead to 
uncontrolled, excessive neurite outgrowth. Moreover, the loss of UNC-53/NAV1 (an +TIP 
protein) and mutations in doublecortin-related gene zyg-8, a MT organizer, both resulted in 
premature termination and misguidance of the TRN processes (Bellanger et al., 2012; Hekimi 
and Kershaw, 1993), supporting that MT regulation is critical for neurite outgrowth and guidance. 
A small-scale preliminary screen was performed previously to identify genes controlling 
TRN differentiation and found that mutations in unc-51 (serine/threonine kinase) caused severe 
misguidance and mutations in unc-73 (Trio guanine nucleotide exchange factor) led to the 
shortening of TRN neurites (Du and Chalfie, 2001). A saturated forward genetic screen may 
uncover more genes that regulate TRN axonal outgrowth and guidance (see Chapters V and VI). 
In this thesis, I studied the genetic basis of various aspects of TRN differentiation. In 
Chapter II and Chapter III, I investigated the dual functions of Hox genes in both promoting the 
commitment of distinct subtypes to the common TRN fate and inducing variations between the 
subtypes. In Chapter II, I first described how distinct Hox proteins in ALM and PLM neurons 
commonly promote the activation of TRN fate selector mec-3 and facilitate the convergence of 
different subtypes to the same TRN fate. In Chapter III, I found that Hox genes also control the 
specification of TRN subtype identities through a “posterior induction” mechanism. The ALM 
neurons maintain a default TRN state, whereas PLM neurons undergo morphological, 
transcriptional, and functional specification induced by the posterior Hox genes, mainly egl-
5/Abd-B/Hox9-13. I also found that EGL-5-induced PLM specification requires the suppression 
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of TALE cofactors and the activation of downstream effector RFIP-1, a recycling endosome-
associated protein.  
In Chapter IV, I performed a candidate RNAi screen of a list of transcription factors and 
identified positive regulators of the TRN fate. Among these regulators, I further studied the Zn-
finger proteins ZAG-1, which promotes the TRN fate by repressing the expression of two other 
transcription factors EGL-44 and EGL-46, which are expressed in the FLP neurons and inhibit 
the expression of TRN fate. Since EGL-44 also represses the expression of ZAG-1, a bistable 
feedback loop appears to regulate the TRN vs. FLP cell fate choice. 
In Chapter V and Chapter VI, I described the results of a forward genetic screen that 
identified several genes controlling TRN morphogenesis. In Chapter V, I studied one of the 
genes from the screen, dsh-1/Dishevelled, and its functions in promoting the outgrowth of PLM 
posterior neurites. I found that DSH-1 attenuates the repulsive activity of LIN-44/Wnt proteins 
released at the posterior side of PLM cell body and therefore enables posteriorly directed 
outgrowth against the Wnt gradient. In Chapter VI, I focused on two other guanine nucleotide 
exchange factors (GEFs) from the screen and found that UNC-73/Trio and TIAM-1 promote 
directional neurite extension towards the anterior and the posterior, respectively. The two 
pathways that induce neurite outgrowth in opposing directions can suppress each other by 
competing for limited growth capacity. 
In Appendix I, I reported the results of mRNA expression profiling of ALM and PLM 
neurons and listed the genes that are differentially expressed between the two subtypes. 
Appendix II is my published work describing how histone methylation helps establish subtype-










Hox genes promote the acquisition of neuronal cell fate by ensuring 
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Neurons sharing many features yet having individual differences are often located at distinct 
positions along the anterior-posterior axis. How these different cells acquire their common cell 
fate is unclear. Using the touch receptor neurons (TRNs) in C. elegans, we found that distinct 
Hox proteins CEH-13/lab and EGL-5/Abd-B facilitate the activation of the common TRN fate 
determinant mec-3 in the anterior and posterior TRNs, respectively. CEH-13 and EGL-5 increase 
the probability of mec-3 transcriptional activation by the POU-domain transcription factor UNC-
86 through the same Hox/Pbx binding site. Mutation of ceh-13 and egl-5 resulted in an 
incomplete (~40%) loss of the TRN fate in selective subtype, and this incompleteness correlates 
with quantitative mRNA measurements showing two distinct modes (all or none) of mec-3 
transcription. Therefore, Hox proteins contribute to cell fate decisions during terminal neuronal 













During terminal neuronal differentiation, postmitotic neurons acquire a specific “cell 
fate”, which we define as the differentiation state of neurons that allows for specific functions 
and general morphology, e.g. the function of controlling muscle activities in motor neurons 
(MNs) or the function of sensing light in photoreceptors. Cell fate can be characterized by the 
expression of a battery of genes that distinguishes one type of neurons from another and enable 
them to execute their function. These genes are termed as “terminal differentiation genes” and 
are usually controlled by the “terminal selectors”, which are transcription factors that induce the 
specification of a particular neuron type (Hobert, 2011). Neurons that share a common cell fate 
often differ in anatomic position, cellular morphology, axonal projection, and gene expression, 
which would define the subtypes of those neurons. Whether these subtypes use different 
mechanisms to acquire the same general cell fate is unclear. Here, we report that distinct Hox 
genes promote the commitment to the common neuronal fate in distinct subtypes along the 
anterior-posterior (A-P) axis. Elsewhere, we will discuss how these genes also control the 
differences among subtypes.  
Hox genes encode conserved transcription factors that are expressed along the A-P axis 
(McGinnis and Krumlauf, 1992). Although one of their most striking effects is the control of 
regional differences along this axis, Hox genes also appear to determine cellular fate.  For 
example, in the mouse spinal cord MNs, Hox5 controls the differentiation of phrenic MNs 
(Philippidou et al., 2012), Hox6 and Hox8 promote the fate of brachial lateral MNs (Lacombe et 
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al., 2013; Vermot et al., 2005), and Hox9 induces preganglionic and hypaxial MNs (Jung et al., 
2010).  
The current theory of how Hox proteins regulate terminal neuronal cell fate suggests that 
Hox proteins activate the expression of terminal selectors, transcription factors essential for cell 
fate determination (Dasen et al., 2008; Davenne et al., 1999; Pattyn et al., 2003). Very few 
studies, however, have investigated the mechanism of this Hox-mediated regulation. One study 
(Samad et al., 2004) suggests that Hoxb1 and Hoxb2 directly bind to a proximal enhancer of the 
terminal selector gene Phox2b in cranial MNs, but how this binding leads to transcriptional 
activation remains unclear. In this study, we ask how Hox proteins regulate the expression of 
terminal selector genes during cell fate decisions.  
One particular aspect of this regulation is the efficiency of Hox-induced cell fate 
commitment. For example, only a 37% loss of FoxP1
+
 LMC neurons was observed in 
Hoxa6/Hoxc6 double mutants (Lacombe et al., 2013). This incomplete loss of cell fate in Hox 
mutants is difficult to interpret because of several issues. First, most vertebrates have 39 Hox 
genes distributed across four clusters (Philippidou and Dasen, 2013). The overlapping expression 
and redundancy among the Hox paralogs may explain why the mutation of a single Hox gene 
often results in phenotypic variability and incomplete penetrance (Gaufo et al., 2003; Manley 
and Capecchi, 1997).  
Second, Hox mutations often lead to both programmed cell death and cell fate loss in 
terminally differentiated neurons in mouse (Tiret et al., 1998; Wu et al., 2008) and Drosophila 
(Baek et al., 2013; Rogulja-Ortmann et al., 2008). Cell death can obscure whether cell fate 
changes actually occur. Recent studies blocking cell death found that most of the phrenic MNs 
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deprived of Hox5 in mice (Philippidou et al., 2012) and most of the leg motor neurons deprived 
of Antp in flies (Baek et al., 2013) expressed appropriate cell fate markers, but had innervation 
defects. These results suggest that Hox activity may not be absolutely required for cell fate 
adoption but are rather essential for the position-specific selection of axon trajectory and 
synaptic targets. 
Third, the function of Hox proteins in promoting mouse MN differentiation has usually 
been tested by counting the number of neurons labeled by specific markers in a cross section of 
the spinal cord. Each section contains hundreds of nuclei of a given MN subtype, thus the 
opportunity to track individual neurons and monitor the commitment of neuronal cell fate at 
single cell resolution is limited.      
We have reexamined the role of Hox genes in the specification of cell fate using the 
touch receptor neurons (TRNs) of Caenorhabditis elegans. C. elegans has six Hox genes: the 
anterior gene ceh-13/Lab, two central genes lin-39/Scr and mab-5/Antp, and three Abd-B-like 
posterior genes egl-5, php-3, and nob-1. The functions of those Hox genes were mainly found in 
neuroblast migration (Salser and Kenyon, 1992), vulval morphogenesis (Clandinin et al., 1997), 
and male tail development (Chow and Emmons, 1994).  
C. elegans has six TRNs: the two embryonic anterior ALM neurons, the two embryonic 
posterior PLM neurons, and the postembryonic AVM and PVM neurons; all six share a common 
fate as mechanosensory neurons that sense gentle touch. In this study we focus on the ALML/R 
and PLML/R neurons. Each pair is bilaterally symmetric, but the anterior and posterior pairs 
differ in many ways from each other. ALM and PLM neurons have different lineage origins and 
different positions along both A-P and dorsal-ventral (D-V) axes (Sulston, 1983) as well as 
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distinct morphologies and neuronal connections (Chalfie and Sulston, 1981; Chalfie et al., 1985).  
As a consequence, gentle touch of the ALM and PLM neurons results in backward motion and 
forward motion, respectively. Despite these differences, ALM and PLM neurons adopt the same 
TRN fate. This TRN fate is determined by terminal selectors UNC-86 and MEC-3, which form a 
heterodimer to activate a battery of terminal differentiation genes required for TRN function 
(Way and Chalfie, 1988; Xue et al., 1993). mec-3 expression is initially activated by UNC-86 
and later maintained through autoregulation that requires both the UNC-86/MEC-3 heterodimer 
and another transcription factor ALR-1 (Topalidou et al., 2011; Xue et al., 1992).  
In this study, we have found that distinct Hox genes facilitate the commitment of the 
ALM and PLM neurons to the common TRN cell fate not by controlling the expression of the 
terminal selector gene mec-3, but by ensuring its robust transcriptional activation. Thus, Hox 
proteins regulate the expression of cell fate determinants by limiting stochastic expression and 
enhancing transcriptional efficiency.  
Results 
Distinct Hox genes help determine the cell fate of different TRN subtypes  
To study the role of the six Hox genes in regulating TRN fate, we first examined how 
mutations in Hox genes affected the differentiation of the ALM and PLM neurons. Mutations in 
ceh-13 resulted in the loss of expression of a TRN marker (mec-17p::RFP) in the ALM neurons, 
whereas mutations in egl-5 and nob-1 led to the absence of the marker posteriorly [Figure 2.1A-
C; in addition, animals carrying egl-5 null alleles displayed a cold-sensitive loss of the TRN fate 
in PLM neurons (Figure 2.2A)]. We further confirmed the absence of terminally differentiated 
ALM or PLM neurons in these Hox mutants by testing the expression of other fluorescent TRN 
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fate markers, including mec-3p::RFP (Table 2.1), mec-18p::GFP, mec-4p::GFP, and mec-
7p::GFP, and staining with antibodies against MEC-18 proteins (data not shown). A striking 
feature of the cell fate loss in ceh-13, egl-5, and nob-1 mutants was that it was incomplete in all 
the marker strains we examined. Mutations in lin-39, mab-5, or php-3 did not cause any changes 
in the number of TRNs labeled with fluorescent markers.  
Mutations in ceh-13 led to early larval arrest (Brunschwig et al., 1999). Therefore, we 
were only able to examine mutants obtained from heterozygous hermaphrodites. However, we 
did not find ceh-13 mRNAs in early embryos from the wild type animals using single-molecule 
in situ fluorescent hybridization (smFISH; Figure 2.2B), suggesting that the incomplete 
penetrance was not resulted from maternal rescue.  
TALE cofactors are transcription factors that interact with Hox proteins to enhance their 
DNA-binding specificities (Moens and Selleri, 2006). The TALE cofactor CEH-20/Exd/Pbx is 
needed for the autoregulation of ceh-13 in the embryos through a Hox/Pbx binding site (Streit et 
al., 2002). We found that mutations of ceh-20 also eliminated TRN marker expression in some, 
but not all, ALM neurons, resulting in a phenotype similar to that of ceh-13 mutants; PLM 
neurons are not affected (Figure 2.1B and C). The penetrance of mec-3p::RFP and mec-
17p::RFP expression was similar in ALM neurons in ceh-20 mutants (comparing Figure 2.1C 
with Table 2.1). 
We next asked whether the loss of TRN marker expression resulted from changes in the 
lineage, which prevented the generation of the cell, or by the failure of cells to adopt a TRN cell 
fate. Because unc-86 expression begins in the precursors that produce TRN cells and is 
maintained throughout the differentiation of these neurons (Finney and Ruvkun, 1990), we used 
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a nuclear-localized unc-86::EGFP translational fusion to monitor the presence of the cells that 
were supposed to become TRNs. We found that unc-86 expression was maintained in the 
undifferentiated (non-mec-17 expressing) cells in ceh-13 and ceh-20 mutants (Figure 2.2C and 
D), suggesting that Hox gene activity promoted the cell fate decision and not the generation of 
the cell. This result is consistent with previous studies that did not detect lineage changes in ceh-
13 embryos (Brunschwig et al., 1999). Similarly, all of 20 egl-5 mutants, which failed to express 
mec-17p::RFP in the PLM neurons, had the same number (ten) of unc-86-expressing cells at the 
tail as wild type (Figure 2.2E).  
In contrast, none of 40 nob-1 mutants that lacked mec-17 expression in the PLM had 
more than 7 unc-86-expressing cells in the tail (Figure 2.2F, top panel). About 20% of those 
animals had severely deformed tails that only contained 3 unc-86-expressing neurons (Figure 
2.2F, bottom panel). These results suggest that unlike the other Hox genes nob-1 is required for 
the generation and not the differentiation of the posterior TRN subtype PLM. Consistent with 
this hypothesis, egl-5 nob-1 double mutants were not more defective in TRN marker expression 
than expected from the sum of the phenotypes of the two single mutants (Figure 2.1C). In 
addition, egl-5 php-3 double mutants had very similar penetrance for the TRN marker loss as 
egl-5 single mutants (Figure 2.1C). Thus, neither nob-1 nor php-3 acts redundantly with egl-5 to 
determine PLM cell fate.  
Functionally, 25% of the ceh-20(u843) mutants were completely touch-insensitive at the 
head and 63% of the nob-1 mutants were insensitive at the tail (Figure 2.1D); in both cases the 
penetrance was similar to that of the number of animals that completely lack differentiated ALM 
and PLM neurons, respectively (Figure 2.1C). In fact, two distinct populations were seen in ceh-
20 and nob-1 mutants. Animals in the sensitive group responded at least four times out of five 
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stimuli, whereas the insensitive group responded zero time (Figure 2.2G and H). Moreover, we 
confirmed that all and only the touch-insensitive animals had no mec-17p::RFP expression in 
any ALM or PLM neurons, suggesting the remaining differentiated TRN cells in ceh-20 and 
nob-1 animals were functional. In contrast, nearly 100% egl-5 animals were touch insensitive at 
the tail, even though more than 75% of the mutants expressed mec-17 in at least one PLM. This 
result indicates that egl-5 is not only needed for PLM cell fate decision, but also for PLM 
function.  
Hox genes or their cofactors are differentially expressed in ALM and PLM neurons  
We next examined the expression patterns of the Hox genes and their cofactors using 
translational GFP fusions. The most anterior Hox gene ceh-13 was surprisingly expressed in both 
ALM and PLM neurons, although the expression in PLM was much weaker (Figure 2.3A). This 
observation was consistent with previous findings that although ceh-13 was homologous to the 
Drosophila anterior Hox gene labial/Hox1, its expression and function were found all along the 
A-P axis (Tihanyi et al., 2010). The fact that mutations in ceh-13 only affected the ALM 
differentiation but not PLM could result from the selective expression of the Hox cofactor ceh-20 
in ALM but not PLM cells (Figure 2.3B).  A further indication that ceh-13 was not needed in the 
PLM neurons came from finding that no additional defects were seen in ceh-13 egl-5 double 
mutants than in egl-5 animals (Figure 2.4A and B). Therefore, ceh-13 affects TRN fate only in 
the ALM neurons. 
Another TALE cofactor unc-62, which encodes a Meis-class homeodomain protein, was, 
like ceh-20, expressed in ALM but not PLM neurons (Figure 2.4C). Null mutations of unc-62 
caused a considerable embryonic lethality, but the few embryos that passed the three-fold stage 
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expressed TRN markers in the PLM but not ALM neurons (Figure 2.4D and E). These results 
suggest that the subtype-specific Hox cofactors contribute to the differentiation of the anterior 
TRNs. 
  Unlike the anterior Hox gene ceh-13, the posterior Hox genes are differentially 
expressed between the two subtypes; egl-5, php-3, and nob-1 were expressed in PLM but not 
ALM (Figure 2.3C and D). The middle body Hox genes lin-39 and mab-5 were not detectably 
expressed in either ALM or PLM (data not shown). Therefore, although both ALM and PLM 
neurons share the same TRN fate and express the same genes associated with that fate, their 
genetic programs differ by the region-specific expression of Hox and/or TALE cofactor genes.  
A Hox/Pbx binding site in the mec-3 promoter is important for the ALM and PLM cell fate  
The TRN cell fate is determined by the terminal selector gene mec-3, that activates a 
battery of genes (i.e., mec-4, mec-7, and mec-17) responsible for various TRN features (Chalfie 
and Au, 1989; Duggan et al., 1998; Way and Chalfie, 1989; Zhang et al., 2002). The 
maintenance of mec-3 expression requires the binding of UNC-86/MEC-3 heterodimer to at least 
two cis-regulatory sites in the mec-3 proximal promoter (Xue et al., 1992; Xue et al., 1993). The 
fact that Hox genes and Hox cofactors contributed to the activation of mec-3 suggests that Hox 
transcription factors may also directly regulate mec-3 expression through cis-acting elements. A 
short mec-3 promoter, which contains only 392 bp upstream of the start codon but all five 
conserved sequences (CS1-5) in related nematodes (Xue et al., 1992), was able to produce a 
normal expression pattern in the six TRNs (mec-3p392::RFP in Figure 2.5A). We crossed this 
short reporter into Hox mutants and found 38% (n = 42) of ALM neurons in ceh-13(ok737) 
animals and 42% (n = 62) of PLM in egl-5(u202) animals failed to express mec-3p392::RFP. 
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These results are similar to the observations using the regular reporter, suggesting that the 392 bp 
mec-3 proximal promoter contains the DNA elements sufficient for the Hox-mediated regulation.     
Consistent with a role for Hox control of mec-3 expression, we found two conserved 
Hox/Pbx (HP) binding sites in consensus regions CS3 and CS4 (Figure 2.5A). We tested the 
importance of these sites in the context of the regular full length mec-3p::RFP reporter, which 
contains a 1.9 kb promoter upstream of ATG. Mutation of HP1 site in CS3 resulted in the loss of 
marker expression in ALM and PLM but not the postembryonic AVM and PVM neurons, 
whereas mutation of HP2 site in CS4 had no effect (Figure 2.5B and C). The mutation of TGAT 
to GACG at position -150 to -153 on the antisense strand in HP1 only drove normal RFP 
expression in 63%  (n = 82) of ALM and 68% (n = 80) of PLM neurons (Figure 2.5A). The rest 
of the cells had no or significantly diminished RFP expression. This phenotype was slightly 
different from that seen in the Hox mutants, which have either strong RFP expression or no 
detectable fluorescence in TRNs. We reasoned that the endogenous mec-3 expression, which was 
not affected by mutations in the reporter, might drive the residual expression of mec-
3p(mutHP1)::RFP through autoregulation. Mutation of both HP1 and HP2 resulted in penetrance 
similar to the mutation of HP1 alone, suggesting that HP1 is the main cis-regulatory element for 
the modulation of mec-3 expression by Hox genes.  
The initiation of mec-3 transcription requires the POU homeodomain transcription factor 
UNC-86, whereas the maintenance of mec-3 expression requires both UNC-86 and MEC-3 (Xue 
et al., 1992).  As a result, mec-3p::RFP expression was visible in about 75% of the newly 
hatched mec-3 larvae, but the expression disappeared as the mutant animals matured (Table 2.1). 
At the fourth larval stage, virtually no mec-3 mutant expressed the marker detectably. To test 
whether Hox proteins were involved in the initiation or maintenance of mec-3 expression, we 
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first examined mec-3p::RFP expression in Hox mutants at hatching. Thirty-three percent of ceh-
13 ALM, 41% of ceh-20 ALM, and 38% of egl-5 PLM neurons showed no mec-3 expression 
within one hour after hatching; and the percentage of undifferentiated TRNs stayed the same 
throughout development (Table 2.1). Moreover, mutation of the HP1 site significantly reduced 
the number of TRNs expressing the reporter at hatching in both wild-type and mec-3 
backgrounds, indicating that Hox proteins facilitate the initiation of mec-3 expression during the 
cell fate decision at early development of the cell.   
Although the HP1 site partially overlaps with the core of UNC-86/MEC-3 binding site 
(UM2), the mutation we generated only disrupted the HP binding site (the consensus sequence is 
5’-TGATNNAT[G/T][G/A]-3’) and kept the key component of the UM2 (-165 to -157 on the 
sense strand) intact. The finding that the AVM and PVM cells showed completely normal 
expression with the HP1 mutation indicates that the UNC-86/MEC-3 binding sites are functional 
(Figure 2.5A and B). This result is also consistent with the finding that no mutation in any Hox 
gene or combination of Hox genes could affect TRN marker expression in these two cells, 
indicating that substantial Hox-mediated regulation of cell fate does not occur in these cells. 
The Pbx-class Hox cofactor CEH-20, which was expressed in ALM but not PLM, 
presumably facilitates the function of CEH-13 through the HP1 site in mec-3.  We were not able, 
however, to identify a counterpart of CEH-20 in the PLM for EGL-5. Mutation of the two other 
known Pbx genes, ceh-40 and ceh-60, alone or together did not change the expression pattern of 
TRN markers in PLM neurons (data not shown). The only MEIS class cofactor unc-62/Hth is 
also not expressed in the PLM neurons, suggesting that either EGL-5 does not require TALE 
cofactor or that it acts with some unidentified factors in the PLM cells. Previous reports showed 
that Exd/Pbx proteins do not raise the DNA binding specificity of Abd-B in Drosophila (van Dijk 
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and Murre, 1994), and the Abd-B-like vertebrate Hox11-13 paralogs do not cooperatively bind 
DNA with Pbx1a (Shen et al., 1997).  In fact, Abd-B suppresses the expression of Exd and Hth in 
the posterior segments of Drosophila embryos (Rivas et al., 2013), suggesting that EGL-5 and 
other Abd-B-like proteins may function independently of TALE cofactors.  
Hox genes regulate mec-3 expression and TRN fate in a binary fashion 
Hox genes appeared to affect TRN cell fate in a binary manner; ALM and PLM cells in 
Hox mutants either expressed TRN markers at wild-type levels or not at all. This binary 
phenotype is seen in and may be caused by the expression of endogenous mec-3 mRNA as 
measured by smFISH (Raj et al., 2008; Topalidou et al., 2011). For example, the distribution of 
mec-3 mRNA in wild-type PLM neurons had a single peak centered around 16 fluorescent 
mRNA molecules, but the distribution in egl-5 mutants had two peaks: 62% (25/40) of the cells 
had normal levels of mec-3 mRNA and 38% (15/40) had no more than 3 labeled molecules 
(Figure 2.6A). These percentages are consistent with the penetrance of missing TRN marker 
expression in egl-5 mutants (shown in Figure 2.1), suggesting that Hox proteins affect 
endogenous mec-3 transcription. Similar results were obtained for ALM neurons in ceh-13 and 
ceh-20 mutants (Figure 2.6B). In addition, we were able to confirm these results using probes 
against the terminal TRN fate markers mec-4 and mec-7 (Figure 2.6C-G).  
These data suggest the hypothesis that a threshold level of mec-3 mRNA is needed for 
TRN differentiation and/or to maintain mec-3 expression at the proper level. If the initial 
induction of mec-3 expression exceeds the threshold, it can be sustained through autoregulation 
mediated by the UNC-86/MEC-3 heterodimer (Xue et al., 1993) and ALR-1 (Topalidou et al., 
2011). However, if the initiation of transcription fails to reach the threshold, mec-3 expression 
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cannot be maintained and would diminish over time. Hox proteins may help bring mec-3 
expression above the threshold during induction by binding to the HP1 site adjacent to an 
essential UNC-86 binding site. The finding that mec-3 mRNA molecules in Hox mutants fit a 
bimodal distribution with either complete or no expression (Figure 2.7) supports the hypothesis 
that Hox proteins enable the cells to express sufficient mec-3 for TRN differentiation.    
If Hox proteins promote the terminal TRN fate by boosting the expression of mec-3, the 
loss of TRN characteristics in Hox mutants should be restored by overexpressing mec-3 from the 
unc-86 promoter, which is not regulated by Hox proteins. As expected, when rescued by the unc-
86p::mec-3 transgene, 96% of PLM in egl-5 mutants, 92% of ALM in ceh-13 mutants, and 94% 
of ALM in ceh-20 animals adopted the TRN fate (Figure 2.6H). We also noticed that wild type 
animals carrying unc-86p::mec-3 expressed the TRN marker in several additional neurons, 
including at least FLP, PVD, BDU (the ALM sister cells), and ALN neurons (the PLM sister 
cells; data not shown). These results suggest that the level of mec-3 expression critically 
determines TRN fate, at least in cells closely related to the TRNs.  
Hox genes promote TRN fate in the FLP and PVD neurons 
To test the function of Hox genes in ectopically promoting TRN fate in non-TRN cells, 
we expressed Hox genes in the FLP and PVD neurons using the mec-3 promoter. FLP and PVD 
moderately express mec-3 but do not adopt the TRN fate. Smith et al. (2013a) found that the low 
level of mec-3 in PVD specifies its elaborate branching pattern, whereas high level of mec-3 is 
correlated with the simple morphology in the TRNs, suggesting the cell fate decision between 
PVD and TRN depends on the dose of MEC-3. In fact, overexpression of mec-3 from its own 
promoter (Topalidou and Chalfie, 2011) or from the unc-86 promoter (previous paragraph) 
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transforms FLP and PVD into TRN-like cells, which suggests that increasing mec-3 expression 
forces those neurons to become TRNs. Overexpression of egl-5, but not nob-1 or php-3, induced 
expression of TRN-specific genes in FLP and PVD (Figure 2.8A and B). In contrast, 
overexpression of the anterior Hox gene ceh-13 induced TRN genes only in the FLP neurons, 
which are located in the head, and misexpression of lin-39 induced TRN genes only in the PVD 
neurons, which are positioned just posterior to the middle of the animal. The inability of Hox 
proteins to induce ectopic TRN fate could not be explained by the absence of Hox cofactors, 
because both ceh-20/Pbx and unc-62/Meis are expressed in both FLP and PVD neurons (Figure 
2.9). Thus, other constraints may limit the function of those Hox genes. Besides mec-17p::GFP, 
expression of other TRN markers, such as mec-4p::GFP and mec-18p::GFP, was also observed 
in the FLP and PVD neurons that had been converted to TRN fate (data not shown). 
These results support the hypothesis that Hox proteins potentiate mec-3 expression in a 
binary fashion, because FLP and PVD neurons overexpressing Hox genes showed either strong 
or no TRN marker expression. smFISH further confirmed that misexpression of Hox gene egl-5 
and ceh-13 could increase the mec-3 transcript level above 16 molecules only in about 65% and 
45% of the FLP cells, respectively (Figure 2.8C). The rest of the cells expressed mec-3 within 
the normal range. Moreover, we found that only when the number of mec-3 mRNA molecules 
reached at least 20 did the FLP neurons express the TRN marker mec-17p::GFP (Figure 2.8C). 
This threshold of mec-3 level separated the FLP cells into two distinct populations and 
determined whether the ectopic TRN fate was adopted and whether terminal genes, e.g., mec-4, 
were activated (Figure 2.8D).    
Hox proteins enhance the activation of mec-3 promoter by UNC-86  
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            We used a yeast transcription system (Topalidou et al., 2011) to demonstrate that Hox 
proteins could enhance UNC-86 activation of mec-3 expression, thus mimicking the initial phase 
of mec-3 expression in the TRNs (Figure 2.10A).  In this system the transcriptional activation of 
a single copy of mec-3p::lacZ inserted into the yeast genome is measured by the level of -
galactosidase activity. EGL-5 increased (1.5 fold) the level of mec-3 activation by UNC-86. 
CEH-13 by itself was not able to enhance the activation of mec-3 promoter by UNC-86. 
However, co-expression of CEH-20 with CEH-13 significantly increased mec-3p::lacZ 
expression, suggesting that CEH-13 needs CEH-20 for its activity at this promoter. In contrast, 
CEH-20 did not enhance the ability of EGL-5 to enhance mec-3 expression, a result consistent 
with the observation that CEH-20 is not expressed in PLM. Furthermore, activation by EGL-5 
alone further supports the hypothesis that it functions independently of this type of cofactors to 
promote TRN fate in the PLM neurons.  
This enhancement of mec-3 transcription depends on the presence of UNC-86. Without 
UNC-86, neither EGL-5 nor CEH-13/CEH-20 was able to activate mec-3 promoter (Figure 
2.10A). Mutation of the HP1 site (Figure 2.3) in the mec-3 promoter also eliminated the 
enhancement of mec-3 transcription by both EGL-5 and CEH-13/CEH-20 proteins without 
significantly changing the level of activation by UNC-86 (Figure 2.10A), suggesting that the 
action of Hox proteins is mediated by this cis-regulatory element. These results support the 
model that Hox proteins directly bind to mec-3 promoter to facilitate UNC-86-mediated mec-3 
activation.  
Compared to Hox proteins MEC-3 was a much stronger co-activator of UNC-86 at the 
mec-3 promoter. Co-expression of MEC-3 with UNC-86 in yeast could fully activate the mec-
3p::lacZ reporter; and adding the Hox proteins either with or without the TALE cofactor did not 
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further enhance the mec-3 activation (Figure 2.10B). These results support the hypothesis that 
Hox proteins are not essential for the maintenance of mec-3 expression. Once Hox proteins help 
UNC-86 initiate mec-3 transcription, auto-regulation (with the assistance of ALR-1) is likely to 
be sufficient to maintain high levels of mec-3 expression in the absence of Hox proteins.  
Discussion 
             The six TRNs in C. elegans offer a simplified system to study the mechanisms by which 
conserved Hox genes regulate the differentiation of neuronal cell fate at the level of the single 
cell. Using these cells, we found that Hox proteins facilitate the adoption of cell fate by 
increasing the probabilities of transcriptional activation of cell fate determinants.   
We found that Hox proteins and cofactors directly act through a Hox/Pbx binding site in 
the mec-3 proximal promoter to regulate transcription. As the cells are generated UNC-86 is 
recruited to the mec-3 promoter. Without the help of MEC-3, UNC-86, which is made in the 
precursors of the TRNs and thus before MEC-3 (Finney and Ruvkun, 1990; Way and Chalfie, 
1989), is a poor activator of mec-3 (Xue et al., 1993). Therefore, the binding of Hox proteins to 
the Hox/Pbx site adjacent to the UNC-86 binding site could help activate mec-3 transcription. 
Without Hox facilitation, UNC-86 fails to trigger mec-3 expression in about 40% of the potential 
TRNs. The newly produced MEC-3 protein later binds to the 5’ sequence of the UNC-86 site, 
further stabilizes UNC-86-DNA binding, and promotes the continued mec-3 expression. The 
resulting autoregulation is sufficient to maintain mec-3 expression.  
Hox proteins do not determine neuronal cell fate but ensure the adoption of cell fate  
 A surprising finding about the Hox regulation of TRN cell fate is the incompleteness of 
the loss-of-function mutant phenotype. Hox proteins are not absolutely required for the TRN fate, 
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because about 60% of either ALM or PLM neurons still express the TRN fate marker at wild 
type levels in the absence of Hox genes. Quantitative measurements using smFISH revealed two 
groups of cells in Hox mutants: one with normal mec-3 transcript levels, which adopt the TRN 
fate, and the other with very low or no mec-3 expression that does not. Thus, Hox proteins help 
activate the expression of the terminal selector gene, suggesting that Hox proteins serve as 
facilitators instead of determinants of cell fate. This model of Hox gene action is supported by 
the findings that Hox genes are not needed for TRN identity in the postembryonic TRNs (AVM 
and PVM neurons) and the cis regulatory element HP1 site in the mec-3 promoter is completely 
dispensable in those neurons. 
 This role of Hox genes in neuronal differentiation was previously unknown, because in 
Drosophila and mammals Hox mutations often lead to both programmed cell death and cell fate 
loss in neurons (Baek et al., 2013; Wu et al., 2008). A recent study on mouse spinal cord motor 
neurons (Philippidou et al., 2012), however, found that about 80% of the survived PMC neurons 
did express the fate marker Scip despite innervation defects after apoptosis was blocked in Hox5 
mutants. Therefore, Hox proteins in general may not specify cell fate but rather help initiate cell 
fate by enhancing the efficiency of transcriptional activation of terminal selectors.  
 How could the Hox genes facilitate gene activation? One suggestion comes from a recent 
study that found that TALE cofactors recruit histone-modifying enzymes in zebrafish to promote 
an active chromatin state and also recruit RNA polymerase II and P-TEFb to poise the promoter 
of target genes for activation (Choe et al., 2014). Efficient transcription is then triggered upon the 
binding of Hoxb1b to the TALE cofactors. Thus, the ability of Hox cofactors to poise promoters 
for transcriptional activation may explain how CEH-13/Hox1 facilitates mec-3 activation. 
Because EGL-5 likely functions independently of known TALE cofactors, other proteins may 
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carry out this poising function. One possible candidate is EGL-5 itself, since Hoxa10, an EGL-5 
homolog, directly mediates chromatin hyperacetylation and trimethyl histone K4 (H3K4) 
methylation of its target genes during bone formation (Hassan et al., 2007). Therefore, Hox 
proteins may modulate the robustness of transcription through chromatin remodeling and 
interaction with RNA polymerase II. 
Different Hox proteins promote the same neuronal cell fate 
We found that different molecules contribute to the acquisition of the same cell fate in 
distinct subtypes: the anterior Hox protein CEH-13 and its cofactor CEH-20 promote the TRN 
fate in ALM neurons, whereas the posterior Hox protein EGL-5 contributes to the cell fate 
commitment in PLM neurons. Therefore, although a specific cell fate is shared by multiple 
neurons, the mechanisms of acquiring this fate differ among the subtypes. Because Hox proteins 
share significant homology in their homeodomains and bind to similar DNA sequences (Gehring 
et al., 1994), different region-specific Hox proteins are excellent candidates to ensure robust 
activation of the same terminal selector in different subtypes. For instance, multiple genes in the 
Hox5-Hox8 paralog groups all contribute to the fate of brachial lateral motor column (LMC) in 
mouse spinal motor neurons (Lacombe et al., 2013). In Drosophila, Hox genes Ubx and Abd-A 
both promote the specialization of ventral-abdominal (Va) neurons by activating the 
neuropeptidergic terminal selector gene dim and its cofactor dac (Suska et al., 2011). Therefore, 
Hox proteins may allow disparate cells to acquire a common neuronal cell fate. 
Ectopic expression of Hox proteins converted FLP and PVD neurons to TRN-like cells 
with different efficiencies. Misexpression of egl-5 caused about 60% of the FLP and PVD 
neurons to acquire the TRN fate. Interestingly, misexpression of ceh-13 only converted 43% of 
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FLP but no PVD neurons, and lin-39 converted 45% of PVD but none of the FLP neuron. Thus, 
the action of Hox genes is region-restricted. Similar observations have been made in the control 
of MN differentiation by the Hox4-8 paralogs in mice; only some genes could ectopically induce 
brachial lateral MN identity, e.g. Foxp1 and Raldh2 expression (Lacombe et al., 2013). Although 
different amounts of redundancy among the Hox paralogs may explain their varying efficiency in 
vertebrates, our results suggest an alternative hypothesis: different Hox proteins differ in their 
efficiencies to promote a common neuronal fate.  
Transcriptional reinforcement and combinatorial activation act together to ensure the 
expression of cell fate-specific genetic programs 
 Many theories of “combinatorial activation” suggest that the identity of a specific cell 
type is determined by a combinatorial code of transcription factors (Barrera and Ren, 2006; 
Jessell, 2000; Shirasaki and Pfaff, 2002); the terminal selectors within such codes are considered 
equally important and act through a similar mechanism as transcriptional activators to instruct 
the expression of terminal differentiation genes (Garcia-Bellido, 1975; Hobert, 2011). Our results, 
however, suggest that the components of the same code may have fundamentally different roles. 
In addition to the transcriptional activators of terminal differentiation genes, part of the code acts 
as auxiliary, reinforcing factors to reduce the stochastic variations in the expression of other 
terminal selectors (Raj et al., 2010).  
The transcriptional code in TRNs contains at least four components: UNC-86, MEC-3, 
Hox proteins, and ALR-1. UNC-86 and MEC-3 serve as the main terminal selectors to specify 
the TRN fate as a conventional combinatorial code: their expression patterns overlap in the 
TRNs (Baumeister et al., 1996); their binding sites can be found in terminal differentiation genes, 
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such as mec-4 and mec-7 (Duggan et al., 1998; Zhang et al., 2002); and their mutations lead to 
complete loss of TRN fate (Chalfie and Au, 1989). Hox proteins and ALR-1, however, represent 
a new type of cell fate regulators that ensure the robust expression of terminal selectors through 
transcriptional reinforcement. Hox proteins increase the chance of successful transcriptional 
activation of mec-3 during the initiation phase. Later during the maintenance phase, ALR-
1/Aristaless restricts the variability of mec-3 expression to the high end of its range through 
transcriptional refinement, a specific type of reinforcement (Topalidou et al., 2011). Mutations in 
Hox genes only caused failure of fate commitment in a proportion of the cells, and mutations in 
alr-1 resulted in variable TRN functions (Topalidou et al., 2011). Therefore, we propose that 
transcriptional reinforcement serves as insurance mechanisms to guarantee the success of 
combinatorial activation of cell fate. 
The ability to influence transcriptional efficiency of diverse genes may explain the diversity 
of Hox regulation 
Hox genes regulate many developmental processes, in addition to neuronal differentiation, 
along the A-P axis (Pearson et al., 2005). Surprisingly, given the importance of Hox proteins, 
very few verified Hox targets are known (Pearson et al., 2005). If Hox proteins generally act as 
auxiliary factors to enhance transcriptional efficiency instead of dictating downstream gene 
expression, then one might expect a quantitative change and not the qualitative change in the 
expression profile in an affected cell. Therefore, moderate or weak gene regulation by Hox 
proteins should also be investigated to identify their target genes. Moreover, although in silico 
search for Hox targets was dramatically improved by combining the binding sequences of both 
Hox proteins and TALE cofactors (Ebner et al., 2005), our model suggests that focusing on Hox 
binding sites physically adjacent to other established cis regulatory elements may help identify 
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potential Hox targets. Since Abd-A physically interacts with 35 different transcription factors in 
various cellular contexts (Baeza et al., 2015), Hox proteins may facilitate the activation of target 
genes by a wide range of transcription factors. Finally, we propose that the ability to influence 
transcriptional robustness may allow Hox proteins to variably regulate a large variety of 




 C. elegans wild type (N2) and mutant strains were maintained as previously described 
(Brenner, 1974). Most strains were provided by the Caenorhabditis Genetics Center, which is 
funded by NIH Office of Research Infrastructure Programs (P40 OD010440). egl-5(tm4746) III 
was obtained from the National BioResource Project of Japan 
(http://www.shigen.nig.ac.jp/c.elegans/index.jsp). ceh-13(ok737) egl-5(u1034) and ceh-13(ok737) 
egl-5(u1035) doubles were made by creating egl-5 mutations in ceh-13/+ heterozygotes animals 
using the CRISPR/cas9-mediated genome editing method (Figure 2.4A; Dickinson et al., 2013). 
nob-1(ct230) was isolated and provided by Dr. William Wood at University of Colorado (Van 
Auken et al., 2000). ceh-20(u843) was a homozygously viable but strong hypomorphic allele 
previously isolated and reported (Zheng et al., 2013).  
Constructs and transgenes 
 A 2.4 kb mec-3 promoter and a 1.9 kb mec-17 promoter were cloned from wild type (N2) 
genomic DNA into the Gateway pDONR221 P4-P1r vector. The genomic coding regions of mec-
3, ceh-13, ceh-20, lin-39, mab-5, egl-5, and php-3 and the cDNA of nob-1a and nob-1b were 
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cloned into Gateway pDONR221. The resulted entry vectors, together with the appropriate 5’ 
entry vector, the pENTR-unc-54-3’ UTR and destination vector pDEST-R4-R3 were used in the 
LR reaction to create the final expression vectors. The Gateway cloning method can be found at 
http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Clo
ning/Gateway-Cloning.html by Life Technologies (Grand Island, NY). These constructs were 
injected into worms to form extrachromosomal arrays to test their effects.  
 Transgenes zdIs5[mec-4p::GFP] I, muIs32[mec-7p::GFP] II, uIs31[mec-17p::GFP] III, 
uIs115[mec-17p::RFP] IV, uIs152[mec-3p::RFP] IV, and uIs134[mec-17p::RFP] V were used 
as fluorescent markers for the TRN cell fate. To test egl-5 expression pattern, construct EM#285 
(provided by Dr. Scott Emmons at Albert Einstein College of Medicine), which contained a 17 
kb promoter, the genomic coding region, and the 3’UTR of egl-5 with GFP inserted into the third 
exon (Teng et al., 2004), was injected into wild-type animals. The integrated transgene uIs116 
expressed functionally inactive EGL-5::GFP fusion protein in PLM but not ALM neurons. 
Fosmid-based reporters wgIs467, wgIs27, wgIs18, and wgIs600, were used to monitor expression 
of unc-86, mab-5, lin-39, and unc-62, respectively. TU4059 that contained a full-length ceh-
13::GFP fusion (strain R) was generated and provided by Dr. Tibor Vellai at Eötvös Loránd 
University, Hungary (Tihanyi et al., 2010). stIs10808[nob-1::H1-Wcherry] was used to examine 
the expression of nob-1 and php-3, as both of them were transcribed in the same operon 
controlled by 5’ sequence of nob-1 gene. mxIs28[ceh-20p::ceh-20::YFP] was used to check the 
expression of ceh-20 respectively. 
 A short mec-3 promoter containing only 392 bp sequence 5’ of the start codon ATG was 
cloned into pDONR221 P4-P1R, and mec-3p392::RFP was constructed by LR reaction with 
pENTR-RFP and pENTR-unc-54-3’ UTR and then injected into wild-type animals to form uIs199. 
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A series of mec-3 promoter variants were constructed based on TU#929 mec-3p::RFP using Q5 
site-directed mutagenesis kit (New England Biolabs, Ipswich, MA), and these mutant mec-3 
promoter-driven RFP constructs were intergrated into the genome to form uIs185[mec-
3p(mutHP1)::RFP], uIs194[mec-3p(mutHP2)::RFP], and uIs196[mec-3p(mutHP1&2)::RFP]. 
Single-molecule fluorescent in situ hybridization 
 Single-molecule fluorescence in situ hybridization (smFISH) was performed as described 
previously (Topalidou et al., 2011). Forty-eight 20-nucleotide probes for mec-3 or other mRNAs 
were designed using the program at www.biosearchtech.com/customoligos and synthesized and 
coupled to Cy5 by BioSearch Technologies (Novato, CA). We imaged the animals using a Zeiss 
Axio Observer Z1 inverted microscope with a CoolSNAP HQ2-FW camera (Photometrics, 
Tucson, AZ) and appropriate filters for Cy5. We collected stacks of 20–35 images spaced 0.3 µm 
apart for each individual neuron and counted the number of fluorescent spots per neuron. 
Yeast Transcription Assay 
 Transcription was examined in a yeast transcription assay described previously 
(Topalidou et al., 2011) using the yeast YPH499 strain, which has mec-3p::LacZ integrated in 
the URA locus, and the p423GAL1-His3 vector made to express GAL-1p::unc-86.  mec-3 cDNA 
was cloned into pYES-3-Trp1 to allow expression of GAL-1p::mec-3. CEH-13 and EGL-5 were 
expressed from the GAL-1 promoter by inserting their cDNAs into MCS2 of pESC-Leu2. ceh-20 
cDNA was latter inserted into MCS1 of the resulting ceh-13 and egl-5 plasmids to express GAL-
10p::ceh-20. Plasmids were transformed into the yeast strain carrying mec-3p::LacZ using the 
Liac/SS carrier DNA/PEG method (Gietz and Woods, 2002). Empty pYES-3-Trp1 vector was 
used when mec-3 was not expressed. Positive colonies were identified by selection on plates that 
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contain yeast synthetic media with amino acid dropout supplement –His/–Leu/–Trp/–Ura 
(Clontech #630425). Single-colony PCR was also performed to ensure the successful 
transformation (Looke et al., 2011). To minimize variations among different colonies, we mixed 
at least three positive single colonies and grew the yeast at 30°C in dropout media in the 
presence of 2% raffinose. Strains (at a concentration of OD660 = 0.01) were induced with 0.05% 
galactose for 8 hours. Yeast cells were harvested when OD660 reached around 0.1, and liquid β-
galactosidase assays were performed using the Yeast -Galactosidase Assay Kit (Thermo 
Scientific, Rockford, IL).  
Microscopic imaging, phenotype scoring, and statistical analysis 
 Imaging was conducted on either a Zeiss Observer Z1 microscope with the CoolSnap 
camera or a Zeiss Axioskop II with a SPOT-2 slider camera (SPOT Imaging Solutions, Sterling 
Heights, MI).  
 To examine the expression pattern of TRN markers in Hox mutants or the expression of 
mutated mec-3p::RFP reporter, animals were grown at 15 °C and imaged under the microscope. 
The percentages of animals or TRN cells that express the fluorescent reporter were recorded, and 
results from three independent experiments were aggregated. For the touch assays, at least 20 
animals were tested in a single experiment, the number of response out of 5 touches for each 
animal was recorded, and the mean of three independent replications were shown. To test 
transgenic animals, we injected DNA constructs (5 ng/l for each expression vector) into the 
animals to establish stable lines carrying the extrachromosomal array. At least three independent 
lines were tested for either TRN marker expression pattern or behavioral response. In some cases, 
90 
 
the transgene was integrated into the genome using -irradiation (Mello et al., 1991), and at least 
three integrant lines were outcrossed and then subjected to various tests.   
 Statistical significance was determined using the Student’s t-test for the majority of 
comparisons of two sets of data. For multiple comparisons, the Holm-Bonferroni method was 
used to correct the p values. Single and double asterisks indicated p < 0.05 and p < 0.01, 
respectively. The fitting of smFISH data into a bimodal Gaussian distribution was performed 
using the “mixdist” package in R.  
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Figure 2.1. Mutation of Hox genes resulted in the loss of TRN marker expression. (A) TRN 
marker uIs115[mec-17p::RFP] in the six TRNs in a wild-type adult. (B) mec-17p::RFP 
expression pattern in ceh-13, egl-5, nob-1, and ceh-20 mutants. White arrows indicated the 
position of either ALM or PLM cell bodies, which would express the marker in the wild type. 
ceh-13(ok737) animals arrest at early larvae stages, so were obtained from heterozygous mutants 
(M+). (C) Percentage of TRN subtypes that expressed the mec-17p::RFP marker in wildtype and 
Hox and cofactor mutants. ceh-20(ok541) animals were derived from heterozygous mothers. (D) 
Gentle touch sensitivity of wild type and Hox and cofactor mutant adults. Percentage of animals 
that responded at least 4 out of 5 times was shown. ceh-13(ok737) animals arrested at L1 or L2 







Figure 2.2. Incomplete loss of TRN fate in Hox mutants. (A) Temperature-dependent loss of 
TRN marker in egl-5 null mutants. The expression of the TRN fate marker mec-17p::RFP in 
PLM neurons of egl-5 null mutants at 15°C, 20°C, and 25°C. The penetrance of the loss of TRN 
marker in ceh-13, ceh-20, and nob-1 mutants does not vary significantly from 15 °C to 25 °C. (B) 
The absence of maternally loaded ceh-13 mRNAs. In the wild-type animals, smFISH probes 
against ceh-13 did not detect any signals in early embryos at one-cell and two-cell stages. The 
embryonic expression of ceh-13 became detectable after the 26-cell stages. (C-F)  
Undifferentiated TRNs are physically present in ceh-13, ceh-20, and egl-5 mutants but not in 
nob-1 mutants. unc-86::GFP expression in ceh-13 (C) and ceh-20 (D) mutants. The left and right 
panels show images taken at different focal planes of the same animal. Arrows point to the ALM 
cell bodies. White dashed circle indicated the ALM neurons that expressed unc-86::GFP but not 
mec-17p::RFP. However, unlike in mec-3 mutants (Way and Chalfie, 1988), which have non-
TRN ALM cells that are displaced anteriorly and to the midline, the ALM cell bodies in ceh-13 
and ceh-20 animals were not anteriorly displaced, possibly because UNC-86 drives some mec-3 
expression (confirmed with smFISH in Figure 4) in the absence of the Hox genes to direct the 
correct cell body positioning. (E) unc-86::GFP expression in ten neurons [five cells in two focal 
planes (the left and right panels)] in the tail in wild type and egl-5 animals. Arrows indicated the 
PLM cell bodies. (F) unc-86::GFP expression in the tail of nob-1 mutants. Seven cells express 
GFP in animal 1 at two different focal planes (top), and three cells express GFP in animal 2 
(bottom). (G-H) Touch sensitivity of Hox mutants. The number of responses from five touches in 











Figure 2.3. The expression pattern of Hox genes and their cofactors in ALM and PLM neurons. 
(A-D) The expression of translational fusion uIs221[ceh-13::GFP], mxIs28[ceh-20p::ceh-
20::YFP], uIs116[egl-5p::egl-5::GFP.], and stIs10808 [nob-1::H1-Wcherry] in TRNs. 
uIs115[mec-17p::RFP] or uIs31[mec-17p::GFP] was crossed into those reporter strains to label 







Figure 2.4. ceh-13 and egl-5 do not act redundantly to promote cell fate commitment in PLM 
neurons, and unc-62 is expressed in ALM neurons and contribute to their differentiation. (A) egl-
5 mutations generated in ceh-13/+ heterozygotes through the CRISPR/cas9-mediated genome 
editing by targeting the underlined sequence in the second exon of egl-5. Two egl-5 alleles, 
u1034 and u1035, were generated, and their molecular lesions were shown. (B) Double mutants 
as arrested larvae from the ceh-13egl-5/+ double heterozygotes were examined for the loss of 
TRN markers. (C) wgIs600[unc-62::GFP] is expressed in ALM but not PLM neurons. (D-E) 
unc-62(gk3507) null mutants arrested as severely deformed 3-fold embryos, which obscured the 
analysis of TRN differentiation. In the few late stage embryos we examined, mec-17p::RFP was 
expressed in PLM but not ALM neurons. unc-62(e644) hypomorphic alleles are viable and 




Figure 2.5. Hox proteins facilitate the initiation of mec-3 expression through a Hox/Pbx binding 
site adjacent to an essential UNC-86/MEC-3 binding site. (A) Effect of mutations in HP1 and 
HP2 in the mec-3 proximal promoter. Green blocks in representation of the mec-3 promoter 
denote conserved sequence (CS) among nematodes and black blocks denote the two essential 
UNC-86/MEC-3 binding sites. Sequences of part of CS3 and CS4 are shown, and the two 
predicted HP binding sites are labeled. The changes of nucleotide sequences in mutated 
promoters are shown in blue. The percentages indicate how many of the ALM and PLM neurons 
express RFP at a wild type level in the mec-3 promoter variants. (B) Variable lack of RFP label 
from ALM and PLM neurons (top), but not AVM and PVM neurons (bottom) in animals 
expressing RFP from a mec-3 promoter with the HP1 site mutated. (C) Normal ALM and PLM 





Figure 2.6. Binary effect of Hox mutations on TRN cell fate in a binary manner. (A-F) The 
number of fluorescently labeled mec-3, mec-4, and mec-7 transcripts in ALM and PLM neurons 
from wild type, egl-5, ceh-13, and ceh-20 animals using smFISH. Animals also expressed mec-
17p::RFP and unc-86::GFP to identify the TRN cell bodies. (G) The average number of 
fluorescently labeled mec-2, mec-4, mec-7, mec-17, and mec-18 transcripts in wild type PLM 
neurons and the group of egl-5-deficent PLM neurons that expressed the TRN marker mec-
17p::GFP. (H) The percentages of ALM and PLM neurons that expressed the TRN marker mec-




Figure 2.7. Modeling of the number of mec-3 mRNA molecules in Hox mutants. (A-B) smFISH 
from Figure 4A and 4B were used to fit with a bimodal distribution, as the mixture of two 
normal distributions, using the “mixdist” package in R (Macdonald and Du, 2012). Parameters of 
this fitting are shown. The probability density function is described as f(x) = 1g1(x) + 2g2(x); 
mixing parameters 1 + 2 = 1; the means,  1 and 2, and the standard deviations, 1 and 2, 
describe the shape of normal distributions g1(x) and g2(x). The results of Chi-square goodness of 
fit test are shown. 
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Figure 2.8. Misexpression of Hox genes causes FLP and PVD neurons to adopt a TRN-like cell 
fate. (A) FLP and PVD neurons express the terminal TRN fate marker mec-17p::GFP upon the 
overexpression of egl-5 from the mec-3 promoter. (B) The percentages of FLP and PVD neurons 
labeled by mec-17p::GFP when various Hox genes were misexpressed from the mec-3 promoter. 
(C) mec-3 and (D) mec-4 transcripts in FLP neurons in wild type animals and animals carrying 
transgene mec-3p::egl-5 or mec-3p::ceh-13. The dashed line marks the threshold for the number 
of mec-3 transcripts in FLP neurons that express the TRN fate markers.  
 
Figure 2.9. ceh-20 and unc-62 are expressed in FLP and PVD neurons. (A-B) mxIs28[ceh-
20::YFP] and wgIs600[unc-62::GFP] expression in FLP and PVD neurons. Cell bodies of those 
neurons were marked by uIs152[mec-3p::RFP].  
 
Figure 2.10. Hox proteins enhance mec-3 expression in a yeast transcription system. -
galactosidase activities were measured in yeast strains that carry mec-3p::LacZ  in the genome 
and express the indicated proteins in the (A) absence or (B) presence of MEC-3. 
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% n % n 
reporter: mec-3p::RFP 
Wild Type 
L1 100  80 100  80 
L4 100  60 100 70 
mec-3(e1338) 
L1 72  78 79 78 
L4 0  60 0 62 
ceh-13(ok737) M+ L1 67  68 99 68 
ceh-20(u843) 
L1 59  70 100 70 
L4 57 60 100 56 
egl-5(u202) 
L1 100 58 62 78 
L4 100 62 58 74 
reporter: mec-3p(mutHP1)::RFP 
Wild Type 
L1 65  78 70 84 
L4 64 66 68 60 
mec-3(e1338) 
L1 46 82 53 78 
L4 0 64 0 56 
 
















Hox genes promote neuronal subtype diversification through a 







(The following manuscript is under revision in Neuron with other authors: Margarete Diaz-
Cuadros and Martin Chalfie.  Margarete Diaz-Cuadros performed the genetic screen that led to 




Although Hox genes specify the differentiation of neuronal subtypes along the anterior-posterior 
axis, their mode of action is not entirely understood. Using two subtypes of the touch receptor 
neurons (TRNs) in C. elegans, we found that a “posterior induction” mechanism underlies the 
Hox control of terminal neuronal differentiation. The anterior subtype maintains a default TRN 
state, whereas the posterior subtype undergoes further morphological and transcriptional 
specification induced by the posterior Hox proteins, mainly EGL-5/Abd-B. Misexpression of the 
posterior Hox proteins transformed the anterior TRN subtype towards a posterior identity both 
morphologically and genetically. The specification of the posterior subtype requires EGL-5-
induced repression of TALE cofactors, which antagonize EGL-5 functions, and the activation of 
rfip-1, a component of recycling endosomes, which mediates Hox activities by promoting 
subtype-specific neurite outgrowth. Finally, EGL-5 is required for subtype-specific circuit 
formation by acting in both the sensory neuron and downstream interneuron to promote 











Neurons that belong to the same cell type and execute similar functions are often derived 
from different progenitors and are located at different places within the organism (Philippidou 
and Dasen, 2013). The production of these neurons presents two developmental challenges. First, 
although they occupy different positions along the body axes and receive different extracellular 
cues, they need to adopt the same neuronal fate and activate the same set of genes associated 
with that fate (convergence). Second, these neurons integrate into different local circuits by 
differentiating further into subtypes with various cell morphologies, distinct axonal trajectories 
and synaptic targets, and modified functional characteristics (divergence). An important issue in 
neuronal differentiation is how this combination of convergence and divergence is determined.  
Hox genes are good candidates for factors that influence both of these activities.  Here we 
investigate how Hox genes control the diversification of touch receptor neuron (TRN) subtypes 
in the nematode Caenorhabditis elegans from a common ground state. Elsewhere, we will report 
how they facilitate the commitment to a common TRN fate. 
Hox genes help specify motor neuron (MN) subtypes in the mouse hindbrain and spinal 
cord and peptidergic neurons in the embryonic ventral nerve cord of Drosophila by regulating 
cellular survival, gene expression, axon pathfinding, and target connectivity (Philippidou and 
Dasen, 2013). Nonetheless, several questions remain regarding how Hox genes specify neuronal 
subtype identities. First, how do Hox genes and Hox cofactors control subtype differentiation 
and induce the morphological and functional differences among the neuronal subtypes? Hox 
regulation generally shows posterior dominance, i.e., Hox genes specifying more posterior 
structures repress the expression and activity of more anterior Hox genes (Harding et al., 1985; 
Schneuwly et al., 1987). Posterior dominance also involves Hox cofactors, mainly the TALE 
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(three amino acid loop extension) homeodomain proteins (Noro et al., 2011; Rivas et al., 2013). 
These conclusions were derived, however, from studies of early body patterning during 
embryogenesis. We do not know if similar mechanisms apply to other Hox functions, 
particularly terminal neuronal differentiation. 
Second, what downstream effectors mediate Hox control of neurite outgrowth? Despite 
the importance of Hox proteins in directing neuronal development, only a few downstream genes 
of Hox activities are known (Pearson et al., 2005). 
Third, what role do Hox proteins play in regulating the formation of subtype-specific 
synaptic connectivity?  In mammalian motor circuits, for example, Hox genes define MN 
identities by promoting the synaptic connection between MNs and their muscle targets (Kania 
and Jessell, 2003). The topographic organization of somatosensory map and the assembly of 
auditory circuits also require Hox genes (Di Bonito et al., 2013; Oury et al., 2006). Despite the 
essential role for Hox proteins in circuit formation (Philippidou and Dasen, 2013), evidence is 
lacking at the single-cell level whether and how Hox proteins regulate the formation of 
functional neuronal connections.  
C. elegans has six TRNs, which share a common cell fate as a specific type of 
mechanosensory neurons and commonly express a battery of TRN terminal differentiation genes 
(TRN genes) involved in mechanosensation (Chalfie and Au, 1989). These six cells, however, 
constitute four subtypes: the two bilaterally symmetric anterior ALM neurons, the two bilaterally 
symmetric posterior PLM neurons, and the AVM and PVM neurons. These cells differ from each 
other not only by their position within the animal, but also by their lineage history; the ALM and 
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PLM neurons arise during embryogenesis, whereas the AVM and PVM neurons are 
postembryonic (Sulston and Horvitz, 1977; Sulston et al., 1983).  
In this study we focus on the ALM and PLM neurons. Both ALM and PLM have long 
anteriorly directed neurite that branch at their distal ends, but they differ in many ways from each 
other. ALM neurons lie subdorsally, whereas the PLM neurons lie subventrally; PLM, but not 
ALM, neurons are bipolar, having also a posteriorly directed neurite (Chalfie and Sulston, 1981). 
ALM neurons form excitatory gap junctions with interneurons that control backward movement 
and inhibitory chemical synapses with interneurons that control forward movement, whereas 
PLM neurons do the reverse (Chalfie and Sulston, 1981; Chalfie et al., 1985).  
Using the ALM and PLM neurons, we found that the expression of different Hox genes 
determines the TRN subtype identities through posterior induction. ALM neurons maintain a 
default TRN state, whereas the PLM neurons undergo morphological and transcriptional changes 
induced by posterior Hox proteins, mainly EGL-5/Abd-B. Morphologically, EGL-5 promotes the 
growth of a posterior neurite and the subventral positioning of the entire cell normally in PLM 
neurons and ectopically in ALM neurons when misexpressed. Transcriptionally, EGL-5 modifies 
the TRN genetic program by both repressing some common TRN genes like mir-84 and 
activating specific non-TRN genes, such as the rfip-1.  rfip-1 encodes a recycling endosome-
associated protein that mediates Hox activity in neurite outgrowth. PLM specification also 
requires EGL-5 repression of TALE cofactors, which inhibit EGL-5 function. Moreover, EGL-5, 
acting in both the mechanosensory PLM neurons and the downstream interneurons, directs the 
functional connectivity of the posterior touch circuit. Therefore, Hox genes promote terminal 




Posterior Hox proteins EGL-5 and PHP-3 makes PLM neurons morphologically distinct 
from ALM neurons 
C. elegans has six Hox genes, of which the three Abd-B-like posterior genes egl-5, php-3, 
and nob-1 are expressed in the posterior PLM neurons but not the anterior ALM neurons (Zheng 
et al., submitted). The two middle body genes lin-39/Scr and mab-5/Antp are not expressed in 
either subtype. Unexpectedly, the remaining gene, the most anterior gene ceh-13/Lab/Hox1, is 
expressed in both ALM and PLM neurons, although the TALE cofactors, ceh-20/Exd/Pbx and 
unc-62/hth/Meis, are only expressed in ALM neurons (Zheng et al., submitted).  
Based on these results, we first tested whether the differential expression of Hox genes 
caused the morphological differences between the ALM and PLM neurons. Although some of 
the posterior neurons in egl-5 mutants failed to express the TRN makers, about 65% of the 
neurons still adopt the TRN fate (Zheng et al., submitted), and we examined these cells to see if 
they had developed morphologically as the wild-type PLM neurons (Figure 3.1 and Table 3.1). 
Approximately 90% of the egl-5-deficient PLM neurons lacked or had significantly shortened 
posterior neurites and a similar percentage had longer anterior neurites (Figure 3.1A and B). 
Thus, EGL-5 appeared to inhibit anterior neurite outgrowth and promote posterior neurite 
outgrowth. 
The anterior PLM neurite in wild-type animals sends a branch that synapses onto ventral 
cord neurons just posterior to the vulva, i.e., far from the PLM cell body. In contrast, more than 
60% of the anterior neurites in egl-5 PLM neurons branched closer to the cell body, and those 
mispositioned branches made ventral cord synapses (Figure 3.2A and B). 
107 
 
Finally, the cell bodies of approximately half of the egl-5 PLM neurons were positioned 
more dorsally (Figure 3.1A), and their anterior neurites were often (~10%) shifted dorsally to a 
position equivalent to that of the ALM neurons (Figure 3.1C). EGL-5 acts cell-autonomously 
because all these defects (posterior neurite formation, synaptic branch localization, and 
dorsal/ventral positioning) were rescued by expressing egl-5(+) specifically in the TRNs (Table 
3.1). The absence of the posterior neurite and the dorsal positioning of the cell body and anterior 
neurites are morphological features that distinguish ALM from PLM neurons. Therefore, in egl-5 
mutants the PLM neurons adopt an ALM-like morphology (Figure 3.1D).  
Moreover, although we could cause more of the presumptive PLM cells in egl-5 mutants 
to assume the TRN cell fate by expressing mec-3(+) from the unc-86 promoter, these neurons 
still showed the various morphological defects described above (Table 3.1). Thus, increasing the 
levels of mec-3 expression and adopting the TRN fate are not sufficient to produce the PLM 
features in the posterior cells; EGL-5 has a separate function of inducing these features.   
We then examined TRN morphology in mutants of the other posterior Hox genes. 
Mutations in php-3 also shortened the PLM posterior neurite, although to a lesser extent than egl-
5 mutations, whereas all of the roughly 35% of the PLM neurons (30 out of 85) that were present 
in nob-1 mutants had relatively normal PLM posterior neurites (Figure 3.1D; nob-1 is needed to 
generate the cells that become the PLM neurons; Zheng et al., submitted). None of the other 
PLM morphological defects seen in egl-5 mutants was observed in either php-3 or nob-1 animals. 
egl-5 php-3 double mutant showed a slightly more severe phenotype for the shortening of PLM 
posterior neurite, suggesting that the two Abd-B homologs may act redundantly to promote the 
posterior axonal outgrowth. Moreover, the short PLM posterior neurites in egl-5 and php-3 
mutants were rescued by overexpression of either egl-5(+) or php-3(+) but not nob-1(+) (Figure 
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3.1E). Thus, egl-5 and php-3 can compensate for each other’s loss with regard to the production 
of the PLM posterior neurite. In contrast, over expression of php-3(+) did not rescue the 
abnormal branching and dorsal shift of egl-5 PLM neurons (Table 3.1). These data suggest that 
the posterior Hox proteins, mainly EGL-5, render PLM neurons morphologically distinct from 
ALM neurons.   
Misexpression of posterior Hox genes egl-5 and php-3 converts ALM neurons to PLM-like 
cells 
Because egl-5 and php-3 were expressed in PLM but not ALM cells, we next tested 
whether misexpressing them made ALM more PLM-like. Expression of egl-5 from the mec-3 
promoter, which is expressed in all TRNs and two other pairs of neurons (the FLP and PVD 
neurons; Way and Chalfie, 1989) induced the growth of an ectopic ALM posterior neurite, which 
often crossed the lateral midline and was positioned subventrally (Figure 3.3A). More 
dramatically, 20% of the egl-5-expressing ALM neurons had both their cell bodies and two 
neurites shifted subventrally (Figure 3.3A). Misexpression of egl-5 also caused premature 
termination of the anterior neurite in 47% (n = 45) of the ALM neurons (Figure 3.3B), 
supporting the role of EGL-5 in promoting posteriorly directed outgrowth and inhibiting 
anteriorly directed outgrowth. 
Misexpression of php-3 but not the other four C. elegans Hox genes could also 
ectopically induce a posterior neurite in ALM neurons, although the effect was much weaker and 
the subventral shift of the ALM was not observed (Figure 3.3C). PHP-3 and EGL-5 acted 
independently to induce a posterior ALM neurite, since neither required the other protein (Figure 
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3.3C). In sum, the selective expression of posterior Hox genes egl-5 and php-3 in PLM but not 
ALM accounts for their morphological differences.  
ALM neurons maintain a default TRN shape with a single anteriorly directed neurite 
 The majority (85%; n = 40) of ALM neurons in ceh-13 mutants had normal morphology 
with a single anteriorly directed neurite that branches at a position distal to the cell body (Figure 
3.2C). Although the remaining 15% of the ceh-13-deficient ALM neurons were mispositioned 
anteriorly and had neurites that reached the nose and then turned posteriorly (Figure 3.2D), these 
defects were rescued in all 20 mosaic animals by ceh-13(+) expression outside of the ALM 
neurons (Figure 3.2E). These data suggest that CEH-13 functions cell non-autonomously to 
guide ALM migration and axonal outgrowth. Although ceh-13 was expressed in both ALM and 
PLM neurons, we did not observe any morphological defects in ceh-13 PLM neurons (Figure 
3.2C). PLM neurons in ceh-13 egl-5 double mutants had the same morphology as those in egl-5 
single (Table 3.1), and no additional guidance defects in the PLM anterior neurite were observed. 
Thus, in the absence of Hox activities the TRNs take a default unipolar shape similar to the wild-
type ALM neurons, which have a single long, subdorsally positioned, and anteriorly directed 
neurite. 
 Mutations in the Meis class TALE cofactor unc-62 also caused ALM positioning and 
axonal guidance defects (20% and n = 40) similar to ceh-13 mutants (Figure 3.2F). Those defects 
were not rescued by TRN-specific expression of unc-62 (data not shown), suggesting that CEH-
13 may function with Hox cofactor UNC-62 to regulate neuronal migration and guidance in 
ALM in a cell non-autonomous manner. Mutations in the Pbx class cofactor ceh-20 did not 
change the morphology of ALM neurons. 
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egl-5 induces PLM morphogenesis by repressing anterior TALE cofactors  
               Previous studies about Hox regulation discovered a phenomenon called “posterior 
dominance”, in which the posterior Hox proteins suppress the expression and activity of anterior 
Hox genes (Harding et al., 1985; Struhl and White, 1985). In the TRNs, the anterior Hox gene 
ceh-13 is expressed in both subtypes, but Hox cofactors ceh-20/Exd and unc-62/hth, are 
expressed in ALM but not PLM neurons (Figure 3.4A and 3.5A). The anterior-specific ceh-20 
and unc-62 were derepressed in egl-5-deificent PLM neurons, and misexpression of EGL-5 in 
ALM neurons suppressed the expression of ceh-20 and unc-62 (Figure 3.4A and B). Thus, 
“posterior dominance” in TRN differentiation involves  the suppression of the anterior Hox 
cofactors. 
                Another general rule for Hox cross-regulation is that the posterior tissues are generally 
not transformed by the overexpression of more anterior Hox proteins (Duboule and Morata, 
1994). This rule also holds true for TRN subtype specification, because neither the normal 
expression nor overexpression of ceh-13 in the PLM neurons affected their differentiation 
(Figure 3.4C). However, misexpression of Hox cofactor unc-62, but not ceh-20, in PLM neurons 
produced all PLM morphological defects seen in egl-5 mutants, although at a lower penetrance 
(Figure 3.4D and Table 3.1). Co-expression of both TALE cofactors only slightly increased the 
penetrance, suggesting that UNC-62 plays a major role in suppressing PLM morphological 
characteristics (Table 3.1).  
              Surprisingly, the ability of the misexpressed UNC-62 to convert PLM neurons to ALM-
like cells was independent of the anterior Hox gene ceh-13 (Figure 3.4C and Table 3.1). This 
result suggests that the Meis class cofactor UNC-62 does not act together with CEH-13 to 
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promote a distinct ALM program but rather antagonizes the PLM specification program induced 
by the posterior Hox protein EGL-5. Supporting this notion, unc-62-deficient ALM neurons did 
not show PLM features, such as the induction of posterior neurites and ventral shift of the cell 
(Figure 3.2F); and unc-62 mutations did not rescue the PLM defects in egl-5 mutants (Table 3.1). 
Thus, PLM specification is not driven by the lack of UNC-62 per se. Instead, UNC-62 interferes 
with the function of EGL-5 in inducing PLM characteristics. This idea is supported by the 
observation that increasing the level of egl-5 in PLM neurons could greatly suppress the defects 
caused by misexpressed UNC-62 (Table 3.1 and Figure 3.4D). Interestingly, two recent reports 
also showed that TALE cofactors could block the activity of the posterior Hox proteins 
homologous to EGL-5, Abd-B in Drosophila embryogenesis (Rivas et al., 2013) and Hoxa10 in 
mouse osteoblastogenesis (Gordon et al., 2010).  
              Although misexpressed EGL-5 repressed unc-62 in ALM neurons, restoring unc-62 
expression from the mec-3 promoter partially suppressed the EGL-5-induced morphological 
transformation of ALM neurons to PLM-like cells (Figure 3.4E). This result further suggests that 
the suppression of Hox cofactor unc-62 is necessary for the induction of PLM differentiation by 
EGL-5.  
EGL-5 promotes the generation of PLM posterior neurites by suppressing the activities of 
more anterior Hox genes acting cell non-autonomously 
               EGL-5 also induces the correct PLM morphology by suppressing the more anterior Hox 
genes lin-39 and mab-5, because the shortening of the PLM posterior neurite in egl-5 mutants 
was partially rescued by the additional removal of both mab-5 and lin-39 (Figure 3.4F-G and 
3.5B). Mutations in either gene alone were not sufficient to restore the shortened neurite. Unlike 
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the mechanisms of unc-62 repression, the suppression of more anterior Hox genes by EGL-5 
does not seem to be cell-autonomous to the PLM cells, since we were not able to detect the 
expression of either mab-5 or lin-39 in wild type or egl-5 animals by translational GFP fusions 
(Figure 3.5C) or single molecule fluorescent in situ hybridization (smFISH; Figure 3.5D). 
Moreover, forced expression of either mab-5 or lin-39 under TRN-specific promoter did not 
change PLM morphology (Figure 3.3C). Therefore, EGL-5 also induces the posterior subtype 
features by cell non-autonomously suppressing the activities of more anterior Hox genes. 
Nonetheless, expressing egl-5 specifically in the PLM neurons could strongly rescue all the 
defects (Table 3.1), suggesting that either EGL-5 activities in PLM neurons can signal other 
tissues or there is a compensation mechanism between the cell autonomous and non-autonomous 
functions of EGL-5. 
Posterior Hox genes regulate neurite outgrowth through effector Rab-11 family interacting 
protein RFIP-1 
To identify the effectors that control the outgrowth of the posteriorly-directed neurite in 
PLM neurons downstream of posterior Hox genes egl-5 and php-3, we mutated animals 
overexpressing EGL-5 from the mec-3p::egl-5 transgene and screened for mutants with short 
PLM posterior neurites. We identified a mutation (u1023) in the coding sequence of F55C12.1, 
which encodes a homolog of the human Rab-11 Family Interacting Protein 3 and 4 
(RAB11FIP3/4). Because F55C12.1 encodes the sole C. elegans homolog of the Rab11 Family 
Interacting Proteins, we renamed it rfip-1. The u1023 mutation produced a missense change (Glu 
286 Lys) and failed to complement a deletion allele, gk515 (Figure 3.6A). gk515 homozygotes 
arrested at early larval stages, whereas rfip-1(u1023) animals were viable. Both mutations led to 
significant shortening of the PLM posterior neurite (Figure 3.6B and 3.7A). These defects could 
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be rescued by expressing the a isoform of rfip-1(+) specifically in the TRNs using the mec-17 
promoter (Figure 3.6B and C), suggesting that RFIP-1 protein functions cell-autonomously. rfip-
1 expression from the mec-3 promoter led to similar rescue although weaker than that from the 
TRN-specific mec-17 promoter (Figure 3.7C). 
To confirm that RFIP-1 acts downstream of the posterior Hox genes, we found that 
expression of the mec-17p::rfip-1(+) transgene could completely restored the PLM posterior 
neurite in egl-5 or php-3 mutants, whereas short PLM posterior neurite in rfip-1 mutants could 
not be rescued by overexpressing egl-5 (Figure 3.6B and C). Moreover, mutation of rfip-1 
suppressed the growth of ectopic ALM posterior neurite induced by misexpression of egl-5 or 
php-3 (Figure 3.6D). These results suggest that RFIP-1 is the major effector for the posterior 
neurite outgrowth induced by EGL-5 and PHP-3 in the TRNs.  
Mutations in rfip-1 also led to PLM anterior neurite overextension but not branching and 
cell positioning defects; similarly, the expression of mec-17p::rfip-1(+) rescues anterior 
overextension but no other defects in egl-5 mutants (Table 3.1). RFIP-1 functions only in the 
regulation of neurite extension and does not mediate all EGL-5 activities in PLM 
specification.RFIP-1 presumably binds to the small GTPase Rab11 specifically present in 
recycling endosomes, which contribute to neurite outgrowth and guidance through membrane 
addition and polarized protein trafficking (Sann et al., 2009). Consistently, we found that 
mutations in rab-11.1, one of the two C. elegans homologs of Rab11, also caused outgrowth 
defects in PLM posterior neurite (Figure 3.7A). Mutations in rab-5 and rab-7, which encode 
small GTPases associated with early and late endosomes, respectively, did not significantly 
shortened the neurites (Figure 3.7B). These results suggest that the trafficking of recycling 
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endosomes plays an important role in regulating the outgrowth of posteriorly directed neurites in 
the TRNs.      
EGL-5 regulates the transcription of the downstream effector rfip-1  
A GFP transcriptional fusion with the 8.7 kb genomic region upstream of the a isoform of 
rfip-1 (rfip-1p_a::gfp) was expressed in many tissues, including intestine, hypodermis, and 
muscle (Figure 3.7D), which obscured the identification of GFP expression in neurons. A shorter 
promoter with 2.8 kb of regulatory sequence upstream of the first exon of the d isoform (rfip-
1p_d::gfp) had much more restricted expression being found in the pharynx, the excretory canal, 
many head neurons, and a few tail neurons (Figure 3.7D). Of note for this study, the rfip-
1p_d::gfp reporter was expressed in the PLM, but not the ALM, neurons (Figure 3.8A). 
Furthermore, smFISH for rfip-1 confirmed its transcription in PLM. On average, 7 ± 0.3 
fluorescently labeled rfip-1 mRNA molecules were identified in PLM neurons, whereas only 1.5 
± 0.2 molecules could be found in the ALM neurons (Figure 3.8B and C). The differential 
expression of rfip-1 between the TRN subtypes supports that RFIP-1 functions downstream of 
the posterior Hox genes. 
To test whether rfip-1 expression is regulated by Hox proteins, we examined the 
expression of rfip-1p_d::gfp in egl-5 mutants and animals carrying the mec-17p::egl-5 transgene. 
GFP expression disappeared in egl-5-deficient PLM neurons, and the reporter was ectopically 
expressed in ALM neurons when egl-5 is misexpressed (Figure 3.8A). Similarly, smFISH 
confirmed that the number of rfip-1 transcripts decreased markedly in PLM neurons that lacked 
egl-5 (1 ± 0.2) and, to less extent, in php-3-deficient PLM neurons (4.3 ± 0.3; Figure 3.8B-D). 
On the other hand, rfip-1 mRNA levels increased significantly in ALM neurons that expressed 
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egl-5 (3.9 ± 0.3); and the length of the ectopic posterior neurite of ALM neurons expressing mec-
17p::egl-5 correlated strongly with the number of fluorescent rfip-1 mRNA molecules (Figure 
3.8E). These results suggest that EGL-5 and PHP-3 activate rfip-1 transcription to induce the 
growth of the posterior neurite in PLM neurons. 
            In support of this model, we found that misexpression of rfip-1 in ALM neurons using the 
mec-17 promoter also resulted in the growth of an abnormal posterior neurite (Figure 3.6B and 
D).  This neurite resembled that found in ALM neurons, in which egl-5 was misexpressed. In 
contrast with the latter treatment, we never observed the ventral shift of either the ALM cell 
body or the ALM neurites in animals carrying mec-17p::rfip-1. This phenotypic difference 
between rfip-1 and egl-5 misexpression suggests that EGL-5 has multiple downstream effectors. 
             The activation of rfip-1 by the posterior Hox proteins is independent of unc-62, since 
misexpression of unc-62 from the mec-3 promoter did not reduce rfip-1 expression, even when 
the PLM posterior neurite was significantly shortened (Figure 3.8F). The level of endogenous 
rfip-1 in PLM neurons expressing unc-62 was also comparable to that in wild type (Figure 3.9A). 
These results suggest that EGL-5 promotes PLM characteristics by at least two parallel pathways, 
the inhibition of Hox cofactor unc-62 and the activation of recycling endosome-associated rfip-1. 
Moreover, these two pathways are partially redundant and can mutually compensate, since 
misexpression of unc-62 and mutations in rfip-1 enhanced the PLM posterior outgrowth defects 
of each other, and increasing the level of rfip-1 could suppress the outgrowth defects caused by 
the misexpressed UNC-62 (Figure 3.8G).  
EGL-5 controls the transcriptional differences between ALM and PLM neurons 
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            To identify more Hox targets, we searched all annotated expression patterns available at 
www.wormbase.org using the WormMine tool (WS238 IM v1.2.1) and identified 16 genes 
whose expression were reported in ALM but not PLM neurons and 18 genes whose expression 
were reported in PLM but not ALM neurons. We obtained expression reporters for 31 of these 
34 genes, crossed them with TRN markers, and found that only four genes (ceh-20, mir-84, tag-
97, and inx-3) were truly differentially expressed between the subtypes. ceh-20 (described above) 
and mir-84 were selectively expressed in ALM, whereas tag-97 and inx-3 were selectively 
expressed in PLM neurons (Figure 3.10A). Independently, we also found that inx-13 was 
expressed in PLM but not ALM neurons (Figure 3.10A). Therefore, the genetic programs of the 
two TRN subtypes diverge from each other.  
             EGL-5 controls part of the transcriptional differences between the subtypes. ALM genes 
ceh-20, unc-62, and mir-84 were suppressed in ALM neurons that expressed EGL-5 and were 
derepressed in egl-5-deficient PLM neurons (Figure 3.4A and 3.10). The expression of PLM 
gene tag-97 is fully dependent on the presence of EGL-5, since tag-97 expression was lost in 
PLM neurons of egl-5 mutants and was ectopically activated in ALM neurons upon the 
misexpression of egl-5 (Figure 3.10A).  
              EGL-5-mediated gene regulation requires the suppression of TALE cofactors. 
Misexpression of unc-62 from mec-3 promoter partially impeded the repression of mir-84 and 
the activation of tag-97 by EGL-5 in both ALM and PLM neurons (Figure 3.10B). 
Misexpression of ceh-20 had much weaker effects, whereas the co-expression of both unc-62 and 
ceh-20 had synergistic functions that strongly suppressed the activity of EGL-5 in regulating 
mir-84 and ceh-20 (Figure 3.10B). The Hox cofactors did not act with CEH-13 to directly 
activate mir-84 or repress tag-97 in the absence of EGL-5, because the mutations in ceh-13, unc-
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62, and ceh-20 neither eliminated mir-84 expression in ALM neurons nor derepressed tag-97 in 
egl-5-deficient PLM neurons (data not shown). Instead, the TALE cofactors acted as antagonists 
of EGL-5 functions. By preventing the expression of those cofactors EGL-5 is able to regulate 
downstream genes in PLM neurons.  
              mir-84 encodes a microRNA that belongs to the let-7 family, and tag-97 encodes a 
transcription factor orthologous to human EHF (ETS homologous factor). However, mutations in 
neither gene caused any morphological or functional defects in TRNs (data not shown).             
inx-3 and inx-13 encode innexins, which are structural components of gap junctions in 
invertebrates. Although the forced expression of egl-5 was able to activate inx-13 in ALM 
neurons, the PLM expression of inx-13 was only slightly reduced in egl-5 mutants (Figure 3.10). 
In contrast, the expression of inx-3 in PLM was independent of egl-5, and inx-3 was not activated 
by misexpressed EGL-5 in ALM neurons (data not shown).  
  Expression of the ALM gene mir-84 was dependent on mec-3, whereas that of the PLM 
genes tag-97, inx-13, and rfip-1 were not (Figure 3.10B and 3.9B). Since egl-5 represses mir-84 
and activates the three PLM genes, these results support the hypothesis that the ALM genetic 
program is a default TRN program controlled by the cell-fate determinant MEC-3 (Figure 3.10C). 
In PLM neurons EGL-5 induces divergence from this general TRN program by repressing the 
expression of some common TRN genes and activating novel, posterior-specific genes. 
Moreover, there are two types of EGL-5 downstream genes; rfip-1 represents the UNC-62-
independent genes, whereas mir-84 and tag-97 represent the UNC-62-regulated genes. 
EGL-5 regulates connectivity in the posterior touch circuit 
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The functional difference between ALM and PLM neurons relies on their distinct 
connections to the downstream command interneurons (Chalfie et al., 1985). Our previous work 
found that egl-5 mutant animals were completely touch-insensitive at the posterior but responded 
normally to anterior gentle touch (Chalfie and Au, 1989). In contrast, all the other Hox mutants 
or the cofactor mutants were in general touch-sensitive at both the anterior and posterior, if they 
had at least one ALM and one PLM neurons (Zheng et al. submitted). Because egl-5, unlike the 
other Hox genes, was absolutely required for touch sensitivity, we next investigated how EGL-5 
controls the activity of the posterior touch circuit (Figure 3.11A).  
Because PLM neurons form gap junctions with the PVC interneurons (Chalfie et al., 
1985), we first confirmed the findings of Chisholm (1991) that egl-5 regulates the cell fate of the 
PVC interneurons cell-autonomously. Expression of interneuron markers (nmr-1p::GFP and glr-
1p::GFP) was diminished in PVC neurons in more than 70% of the egl-5 null mutants (Figure 
3.11B), whereas their expression in the anterior AVA, AVD, and AVE interneurons was not 
affected. Moreover, expression of egl-5(+) from the nmr-1 or glr-1 promoter, which allows for 
increased EGL-5 production by autoregulation, restored interneuron marker expression in the 
PVC. For example, expression of a transgene nmr-1p::egl-5(+) caused 78% of the egl-5-
deficient PVC cells to express marker nmr-1p::GFP. 
Using the mec-17 and nmr-1 promoters to express egl-5(+) in the PLM and PVC neurons, 
respectively, we found that both cells required egl-5 for posterior touch sensitivity (Figure 
3.11C).  Moreover, overexpression of other posterior Hox genes could not compensate for the 
loss of egl-5 (Figure 3.11C). The expression of egl-5 in PVC interneurons was also needed for 
the detection of harsh touch at the posterior (the PVC neurons had previously been shown to be 
needed for this sensory modality; Chalfie and Wolinsky, 1990). These results were further 
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confirmed by mosaic analysis; loss of a rescuing extrachromosomal array with an egl-5(+)-
containing fosmid from the PVC neurons in egl-5 mutants resulted in insensitivity to both gentle 
and harsh touch at the tail, whereas loss of the array in PLM neurons resulted in the loss of only 
gentle touch sensitivity (Figure 3.11D).   
Loss of egl-5 causes about 40% of PLM neurons to fail to express mec-3 and the mec-3 
target genes, yet almost 100% of the egl-5 animals are touch insensitive (Zheng et al., submitted). 
The need for EGL-5 for touch sensitivity does not appear to depend on its regulation of genes 
needed for mechanosensation but rather on its control of the connections of PLM to downstream 
interneurons. First, egl-5-deficient PLM neurons expressed genes needed for mechanosensation 
at levels similar to the wild type (Zheng et al., submitted). Second, mechanical force was capable 
of exciting egl-5-deficent PLM neurons; and the maximum excitation and force sensitivity of 
PLM neurons indicated by calcium imaging were similar in egl-5 and wild-type animals (Figure 
3.11E and F). The downstream interneuron PVC, however, could not be activated by mechanical 
stimulation of egl-5 mutants even when the egl-5(+) expression was restored in PVC (Figure 7F). 
Third, light-induced excitation of PLM neurons could not trigger a behavioral response in PVC-
rescued egl-5 mutants (Figure 3.11G), suggesting that the synaptic transmission was blocked 
between the PLM and PVC neurons. These data suggest that the presence of egl-5 in the PLM 
neurons helps establish functional connections to the PVC command interneurons. 
Since egl-5-deficient PLM neurons were still able to target gap junction proteins to the 
correct position, where the PLM::PVC connection normally forms (Figure 3.12A), EGL-5 
appears to regulate the formation of functional synapses instead of controlling target recognition.      
Misexpression of egl-5 fails to rewire ALM neurons to the posterior touch circuit 
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Misexpression of egl-5 in the ALM neurons, however, failed to change the connectivity 
of the touch circuit. Anterior touch activates ALM neuron, which normally excites AVD 
interneurons through gap junction and inhibits PVC interneurons through chemical synapses; the 
result is the initiation of backward movement (Figure 3.12B; Chalfie et al., 1985). The opposite 
types of connections are made by the PLM neuron, and result in touch initiating forward 
movement. If the Hox gene egl-5 alone determined the connectivity between the sensory neurons 
to the interneurons, we would expect egl-5-expressing ALM to activate PVC instead of AVD as 
does PLM, and anterior touch would lead to forward movement. mec-3p::egl-5 or mec-17p::egl-
5 animals, however, still responded to anterior gentle touch with backward movement, 
suggesting the output of the circuit was not changed (Figure 3.12C). We have also tested whether 
egl-5 misexpression in ALM could establish ectopic excitatory connections to PVC neurons in a 
genetic background (eat-4; unc-7 unc-9), in which all the normal connection between ALM and 
downstream interneurons were disrupted, but PLM could still activate PVC (Zheng et al., 
unpublished results). To exclude the possible interference from PLM neurons, we laser-ablated 
the PLM cells in eat-4; unc-7 unc-9 animals carrying the mec-3p::egl-5 or mec-17p::egl-5 
transgene and found that gentle touch at the head still failed to evoke forward movement (Figure 
3.12D).  
Results from optogenetics experiments consistently showed that light activation of 
channelrhodopsin-2 in egl-5-expressing ALM could not lead to forward movement in either 
wild-type or eat-4; unc-7 unc-9 animals (data not shown). Calcium imaging confirmed that AVD 
but not PVC neurons were activated by anterior touch in animals carrying the transgene that 
expressed egl-5 in ALM (Figure 3.12E). Together our results suggest that although egl-5 is 
essential for the connection of PLM neurons to downstream interneurons, its expression is not 
121 
 
sufficient to force ALM to adopt PLM-type connections. Because both ALM and PLM cells 
physically contact the PVC interneurons (Chalfie et al., 1985), axonal guidance towards the 
target may not be a problem; instead, other synaptogenic factors may be required for the synaptic 
specificity between the TRNs and the interneurons.     
Discussion 
The six C. elegans Hox genes play critical, but varied, roles in the development of the six 
TRNs. ceh-13 and egl-5 are involved in cell fate commitment in embryonically derived ALM 
and PLM neurons (Zheng et al., unpublished). The middle body Hox genes lin-39 and mab-5 are 
important for the migration of the precursors of the postembryonic AVM and PVM, respectively 
(Chalfie et al., 1983; Salser and Kenyon, 1992). Three Abd-B homologs affect PLM development. 
Both egl-5 and php-3 promote the growth of a posterior neurite, but only egl-5 regulates axonal 
branching, cell body positioning, and connectivity (this study). The third homolog nob-1 is 
essential for the generation of the PLM neurons (Zheng et al., unpublished). Therefore, the TRNs 
provide a simplified model to study the diverse roles Hox proteins play in neuronal specification. 
Our results not only suggest that many principles regarding Hox activity during neuronal 
development are highly conserved but also offer novel insights about the mechanisms of Hox 
actions in controlling subtype specificities. 
TRN subtype diversity is generated by the action of posterior Hox proteins on posterior 
cells 
In theory, two neuronal subtypes along the A-P axis could arise by the anterior or the 
posterior or both cells differentiating away from a ground state. Our results suggest that the Hox 
control of terminal neuronal differentiation, at least with regard to the TRNs, relies on a 
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mechanism biased towards posterior specification. ALM neurons maintain a default TRN shape, 
whereas the posterior Hox proteins, mainly EGL-5, induce morphological specification in PLM 
neurons, including the growth of a posterior neurite and ventral shift of the entire cell. The action 
of misexpressed egl-5/Abd-B to convert ALM neurons both morphologically and 
transcriptionally towards the PLM identity demonstrates posterior dominance (Bachiller et al., 
1994; Gonzalez-Reyes and Morata, 1990) in the specification of terminal neuronal subtypes as 
had also been found in the specification of peptidergic neurons in Drosophila (Suska et al., 2011).  
Although the anterior Hox gene ceh-13 is not required for TRN morphology cell autonomously, 
it does contribute to the commitment to TRN fate in ALM neurons, as egl-5 facilitates TRN fate 
adoption in PLM neurons (Zheng et al., unpublished).  
EGL-5 also modifies the TRN genetic program expressed in ALM by suppressing some 
TRN genes (e.g. mir-84), which are dependent on the cell fate determinant mec-3, and by 
activating non-TRN genes (e.g. rfip-1 and tag-97), which are independent of mec-3. Therefore, 
EGL-5 regulates a distinct posterior module that is additive to the main TRN program in the 
PLM neurons.  This hypothesis is supported by a comparison of genes preferentially expressed in 
either ALM or PLM (unpublished data) to genes that are highly enriched in TRNs generally and 
are presumably MEC-3-dependent (Topalidou and Chalfie, 2011); we found that 22 of 48 genes 
(46%) upregulated in ALM 22 are TRN-specific genes, whereas only 8 of 188 genes (4%) 
upregulated in PLM neurons are enriched in TRNs. Therefore, at the level of transcription PLM 
neurons diverge significantly from the TRN ground state, to which the ALM neurons are more 
similar. Hox action in C. elegans and other nematodes has had to adapt to the loss of Hox genes, 
breaks in the Hox gene cluster, and imperfect colinearity (Aboobaker and Blaxter, 2010). 
Consequently, the most anterior Hox gene ceh-13/lab is expressed all along the A-P axis 
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(Tihanyi et al., 2010), and its ubiquitous expression in both ALM and PLM neurons may be one 
of the reasons for adopting a posterior specification mechanism for PLM differentiation. Our 
results suggest that the anterior-specific expression of TALE cofactors ceh-20/Exd/Pbx and unc-
62/hth/Meis may enable CEH-13 activity in the ALM neurons, but they inhibit EGL-5 activities 
in PLM neurons when misexpressed. Therefore, the posterior-specific suppression of TALE 
cofactors by EGL-5 enables PLM specification. 
Similar activity to that of EGL-5 occurs with its Drosophila homolog Abd-B and its 
mouse homolog Hoxa10. In Drosophila Abd-B does not require the Hox cofactors Exd and Hth 
to bind DNA (van Dijk and Murre, 1994), and Abd-B represses exd and hth transcription during 
embryogenesis (Rivas et al., 2013). This repression is necessary for Abd-B function, since 
maintained expression of Exd and Hth not only interferes with the binding of Abd-B to its 
normal targets (Rivas et al., 2013) but also significantly changes its DNA bindings specificity, 
which may lead to the activation of inappropriate targets (Slattery et al., 2011). In mammals the 
Hox cofactor Pbx1 negatively regulates Hoxa10 activity by blocking Hoxa10-mediated 
recruitment of chromatin remodeling factors in activation of osteoblast-related genes (Gordon et 
al., 2010). Our results suggest that UNC-62/Hth/Meis alone can also impair EGL-5/Abd-B-
induced morphogenesis and gene regulation, although the inhibition is enhanced with the 
combination of CEH-20/Exd/Pbx in some situations. Therefore, these studies collectively 
establish the function of TALE cofactors in impeding the activity of posterior Abd-B-like Hox 
proteins and the need for these Hox proteins to repress the expression of TALE cofactors.  
Hox protein-dependent regulation of neurite outgrowth through endosomal trafficking  
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Although previous studies identified guidance molecules, such as EphA4 and Rig1/Robo3, 
as downstream targets of Hox genes (Di Bonito et al., 2013; Kania and Jessell, 2003), little is 
known about the cell autonomous effectors of Hox regulation of neurite outgrowth. We find that 
the sole C. elegans homolog of the Rab-11 family interacting proteins, RFIP-1, acts downstream 
of the Hox genes to promote, specifically, posteriorly-directed neurite outgrowth in the TRNs.  
Recycling endosomes, their small GTPase Rab11, and Rab11 binding proteins contribute 
to neurite outgrowth through membrane addition and polarized protein sorting in many 
organisms (Sann et al., 2009), including chicken embryonic retinal neurons (Albertinazzi et al., 
2003), the ventral nerve cord of Drosophila embryos (Bhuin and Roy, 2009), and mammal 
hippocampal neurons (Shirane and Nakayama, 2006). In addition, the zebrafish Rab11-FIP4 is 
predominantly expressed in the neural tissues and is required for the differentiation of retinal 
ganglion cells (Muto et al., 2006). 
Our findings that C. elegans RFIP-1 is required for TRN axonal outgrowth supports the 
hypothesis that the class II Rab11-FIP proteins contribute to cytoskeletal remodeling during 
neurite development. The finding that EGL-5 regulates the expression of rfip-1 draws a novel 
link between Hox proteins and endosomal trafficking; Hox proteins may control neuronal 
morphogenesis by regulating recycling endosome-mediated membrane reinsertion and protein 
localization. 
Hox genes are necessary but not sufficient for functional connectivity  
Hox genes act in circuit assembly by ensuring correct axon projection to the synaptic 
targets and appropriate terminal branching during innervation of these targets (Di Bonito et al., 
2013; Livet et al., 2002). Studies of mouse spinal cord MNs suggest that Hox genes function 
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primarily presynaptically to control axon navigation and muscle innervation (Philippidou and 
Dasen, 2013). In contrast, our results suggest that Hox genes are needed in both the presynaptic 
sensory neuron (PLM) and the postsynaptic interneuron (PVC) for the touch circuit formation. 
Moreover, despite various morphological defects, egl-5-deficient PLM neurons still made 
physical contacts with the PVC interneurons and localized gap junction proteins to the correct 
positions, although functional connections were not formed. EGL-5 may regulate connectivity by 
activating genes essential for synaptic organization but not for target recognition. Therefore, the 
role of Hox genes in the touch circuit assembly differs from the known Hox activities in 
mammalian MNs.   
               Misexpression of egl-5 alone in ALM neurons, however, did not lead to ectopic 
excitatory connections with PVC neurons that are normally activated by PLM. One explanation 
is that EGL-5 action at the synapse requires additional factors, and these factors are not present 
in ALM. Alternatively, inhibitory mechanisms, which could not be overridden by EGL-5 alone, 
may exist in ALM that prevents the rewiring of the circuit.                     
Dual function of Hox proteins in promoting a common neuronal fate and inducing 
variation within it  
 Our previous studies (Zheng et al., unpublished) and this work establish a dual function 
for Hox proteins in controlling terminal neuronal differentiation of cells located along the A-P 
axis. CEH-13 and EGL-5 promote the adoption of the common TRN fate in the ALM and PLM 
neurons, respectively, by enhancing the transcriptional initiation of terminal selector mec-3 
(Zheng et al., unpublished). At the same time, the posterior Hox proteins EGL-5 and PHP-3 
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induce morphological specification and help establish functional neuronal connections in PLM 
neurons.  
This dual function of Hox genes in regulating both converging and diverging pathways is 
likely to be acting in other organisms (Philippidou and Dasen, 2013). For example, in flies both 
Ubx and abd-A specify ventral-abdominal (Va) neurons by activating the terminal selector gene 
dim and its cofactor dac, but only abd-A further induces the differentiation of Va neurons to 
express the neuropeptide Capa in abdominal segments A2-4 (Suska et al., 2011). In mouse spinal 
cord, multiple genes in the Hox5-Hox8 paralogous groups can induce brachial lateral MNs 
(Lacombe et al., 2013), but individual Hox proteins, such as Hoxc6 and Hoxc8, control unique 
aspects of MN subtype identity by regulating the connectivity to specific muscle targets (Dasen 
et al., 2005). Because Hox expression is highly ordered along the A-P axis, we propose that Hox 




 C. elegans wild type (N2) and mutant strains were maintained as previously described 
(Brenner, 1974). Most strains were provided by the Caenorhabditis Genetics Center, which is 
funded by NIH Office of Research Infrastructure Programs (P40 OD010440). rab-11.1(tm2341) 
I, rab-11.2(tm2081) I, and egl-5(tm4746) III were obtained from the National BioResource 
Project of Japan. nob-1(ct230) was isolated and provided by Dr. William Wood at University of 
Colorado (Van Auken et al., 2000). unc-9(fc16) unc-7(e5) animals were kindly provided by Dr. 
Mei Zhen at University of Toronto. The rfip-1 allele u1023 (E286K) was isolated as mutants 
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with shortened PLM posterior neurite in a genetic screen using the strain TU4041, which 
contained transgenes uIs121[mec-3p::egl-5] for egl-5 overexpression and uIs115[mec-17p::RFP] 
for the visualization of the TRNs. These mutants were outcrossed with wild-type animals, and 
the phenotype-causing mutations were identified by whole genome resequencing using methods 
previous described (Zheng et al., 2013) and the sequencing service provided by Beijing Genome 
Institute. Mutations were then confirmed by complementation tests with the deletion allele rfip-
1(gk515) and rescuing assay with wild-type copy of the gene. 
Constructs and transgenes 
 A 2.4 kb mec-3 promoter, a 1.9 kb mec-17 promoter, a 5 kb nmr-1 promoter, and a 2.8 kb 
rfip-1 promoter were cloned from wild type (N2) genomic DNA into the Gateway pDONR221 
P4-P1r vector. The genomic coding regions of mec-3, ceh-13, ceh-20, lin-39, mab-5, egl-5, php-3, 
and rfip-1 and the cDNA of nob-1a, nob-1b, unc-62a, and unc-62b were cloned into Gateway 
pDONR221. The resulted entry vectors, together with the appropriate 5’ entry vector, the 
pENTR-unc-54-3’ UTR and destination vector pDEST-R4-R3 were used in the LR reaction to 
create the final expression vectors. The Gateway cloning method can be found at 
http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Clo
ning/Gateway-Cloning.html by Life Technologies (Grand Island, NY). These constructs were 
injected into worms to form extrachromosomal arrays to test their effects. mec-3p::egl-5 and 
mec-17p::rfip-1 was integrated into the genome by -ray irradiation (Mello and Fire, 1995) to 
create transgene uIs121 and uIs217, respectively. mec-3p::unc-62a and mec-3p::unc-62b were 
co-injected to create transgenes uIs222 and uIs223 that express unc-62 in all TRNs;  
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 Transgenes uIs31[mec-17p::GFP] III, uIs115[mec-17p::RFP] IV, and uIs134[mec-
17p::RFP] V were used as fluorescent markers for the TRN cell fate. Transgenes rhIs4[glr-
1p::GFP] III and akIs3[nmr-1p::GFP] V were used as markers for the interneuron identity. 
Fosmid-based reporters wgIs27, wgIs18, and wgIs600, were used to monitor expression of mab-5, 
lin-39, and unc-62, respectively. mxIs28[ceh-20p::ceh-20::YFP] and zwEx113[inx-13p::GFP] 
was used to check the expression of ceh-20 and inx-13, respectively. 
Single-molecule fluorescent in situ hybridization 
 Single-molecule fluorescence in situ hybridization (smFISH) was performed as described 
previously (Topalidou et al., 2011). Forty-eight 20-nucleotide probes for rfip-1 mRNAs were 
designed using the program at www.biosearchtech.com/customoligos and synthesized and 
coupled to Cy5 by BioSearch Technologies (Novato, CA). We imaged the animals using a Zeiss 
Axio Observer Z1 inverted microscope with a CoolSNAP HQ2-FW camera (Photometrics, 
Tucson, AZ) and appropriate filters for Cy5. We collected stacks of 20–35 images spaced 0.3 µm 
apart for each individual neuron and counted the number of fluorescent spots per neuron. 
Calcium imaging, laser ablation, and microscopy 
 Animals carrying transgene uIs113[mec-3p::GCaMP3], uIs135[nmr-1p::GCaMP3], and 
sraIs49[nmr-1p::G-CaMP] were used to monitor neuronal activities in TRNs and interneurons, 
respectively. Calcium imaging was performed as described (Chen and Chalfie, 2014). Briefly, L4 
larvae were glued on the ventral side for the testing of ALM and the dorsal side for the testing of 
PLM using Dermabond (Ethicon) to a 4% agarose pad and covered by 100 l M9 buffer. A glass 
probe with a round-shape tip (22 m in diameter) driven by a two-layer piezoelectric rectangular 
bending actuator (Piezo Systems) was used to deliver mechanical stimuli. The piezo lever was 
129 
 
driven by 250 ms square waves from a 33221A waveform generator (Agilent Technologies) 
through a Linear Amplifier. By adjusting voltages applied to the piezo, the glass probe was 
displaced with various distances, which delivered mechanical stimuli with varying intensity. 
Images were recorded through a Zeiss Apochromat 40 × 0.95 lens with a Photometrics Evolve 
512 camera at ~ 10 fps and analyzed with AxioVision (Carl Zeiss Microscopy). Relative change 
in fluorescent intensity was calculated for each individual stimulus, and the data were fit into a 
Boltzmann equation. 
 Other imaging was conducted on either the same Zeiss Observer Z1 microscope with the 
CoolSnap camera or a Zeiss Axioskop II with a SPOT-2 slider camera (SPOT Imaging Solutions, 
Sterling Heights, MI). Laser ablation of PLM neurons were performed using methods previously 
described (Zheng et al., 2013). mec-17p::GFP constructs were co-injected together with mec-
3p::egl-5 or mec-17p::egl-5 to help visualize the TRNs. Animals having PLM cells ablated at L1 
stage were recovered and then tested at young adult stage. Successful ablation was indicated by 
the disappearance of green fluorescence in PLM cells. 
Phenotype scoring and Statistical analysis 
 To examine the TRN morphology in Hox mutants, animals were grown at 20° C and 
imaged under the microscope. The percentages of TRN cells that show morphological defects 
were recorded, and results from three independent experiments were aggregated. For the touch 
assays, at least 20 animals were tested in a single experiment at both anterior and posterior ends, 
the number of response out of 5 touches at each end for each animal was recorded, and the mean 
of three independent replications were shown. Gentle touch was assayed by stroking with an 
eyebrow hair, and harsh touch was measured by prodding animals with a platinum wire (Chalfie 
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et al., 2014). For light-activated avoidance assay, at least 20 animals expressing 
Channelrhodopsin-2 (Nagel et al., 2005) in the TRNs were grown in the dark on bacteria lawn 
with all-trans retinal. Worms were then illuminated at either the anterior or posterior end with 
blue light (450-490 nm) from a mercury lamp. The number of responses from three stimuli was 
recorded, and the average of three repeated trials is shown. 
 To test transgenic animals, we injected DNA constructs (5 ng/l for each expression 
vector) into the animals to establish stable lines carrying the extrachromosomal array. At least 
three independent lines were tested for either TRN morphology or behavioral response. In some 
cases, the transgene was integrated into the genome using gamma irradiation, and at least three 
integrant lines were outcrossed and then subjected to various tests.   
 For statistical analysis, student’s t-test was used in the majority of the comparison 
between two sets of data. For multiple comparisons, the Holm-Bonferroni method was used to 
correct the p values. Single and double asterisks indicated p < 0.05 and p < 0.01, respectively. 
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Figure 3.1. Morphological defects of PLM neurons in egl-5(u202) and php-3(ok919) mutants. (A-C) PLM 
morphology in wild-type and egl-5 animals visualized with GFP from the mec-17 promoter. (A) The 
synaptic branch (white arrow) can be much closer to the cell body (triangle; second panel) and the cell 
body can be more dorsal in egl-5 animals (triangle; third panel). (B) The anterior PLM neurite (arrow) can 
be abnormally long in egl-5 mutants. (C) The anterior PLM neurite (arrow) can lie subdorsally. (D) 
Diagrams of PLM morphological defects in egl-5 mutants. Numbers indicate the penetrance of various 
defects. (E) Mutation of egl-5 and php-3, but not nob-1 affects the length of the PLM posterior neurite. 
Arrows point to the neurite terminals. (F) The length of the PLM posterior neurite from various mutants 
and transgenic animals normalized to the diameter of the PLM cell body on the A-P axis (n > 50 for each 
strain). No difference in the size of TRN cell body was observed among the young adult animals 
measured. Here and in subsequent figures single asterisks and double asterisks indicate p < 0.05 and p < 




Figure 3.2. Effect of egl-5, ceh-13, and unc-62 mutation on TRN morphology. (A) The ventrally-directed 
synaptic branch (arrows) of the PLM anterior neurite (visualized with the presynaptic marker mec-
7p::GFP::rab-3) occurs near the vulva (asterisk) in wild-type animals. (B) In egl-5 mutants the synaptic 
branch (arrow) is mispositioned much more proximal to the cell body (triangle). The middle panel is an 
image of the same neuron at a different focal plane to show the branching; intensity of the presynaptic 
marker in the cell body and the neurites is much weaker compared to the synapses. (C) Ventral view of an 
arrested L1animals of ceh-13 mutants shows normal morphology in ALM and PLM neurons. Only one 
ALM expressed the TRN marker because the other cell failed to adopt the TRN fate. (D) Mispositioning 
of ALM cell body (now anterior to AVM) and ALM anterior overextension and axonal guidance defects 
(arrow) in ceh-13 mutant (15%; n = 40). (E) Mosaic ceh-13(ok737); mec-17p::RFP animals rescued by 
ceh-13(+) (a PCR fragment containing 8 kb promoter, 2 kb coding region, and 2 kb 3’UTR) showed 
normal ALM morphology when the rescuing array is lost in ALM neurons (marked by the lack of GFP 
expression from the co-injected mec-17p::GFP construct). (F) Animals carrying the hypomorphic unc-





Figure 3.3. Misexpression of egl-5 transforms the ALM neurons to PLM-like cells. (A) Three categories 
of ALM morphology in animals carrying mec-3p::egl-5 transgene. For category I, ALM grows a posterior 
neurite that runs subdorsally. For category II, the ALM posterior neurite crosses the midline and then runs 
subventrally together with PLM neurites. For category III, the entire ALM neuron lies subventrally. For 
both categories II and III, the ALM posterior and PLM anterior neurites are intertwined with each other 
but often deviate apart after running together for a certain length. (B) The anterior neurite of ALM 
neurons stopped prematurely (arrow) after branching into the nerve ring in animals carrying the mec-
3p::egl-5 transgene. In these transgenic animals, FLP (indicated by triangle) and PVD neurons ectopically 
express the TRN marker mec-17p::GFP (Zheng et al., submitted). (C) The length of ALM posterior 
neurites from various strains of transgenic animals normalized to the diameter of the ALM cell body on 





Figure 3.4. EGL-5 induces PLM morphological characteristics by suppressing anterior Hox genes and 
cofactors. (A) The expression of wgIs600 [unc-62::EGFP] in ALM and PLM neurons in wild type, egl-5 
mutants, and animals carrying a mec-17p::egl-5 transgene. Dashed circles indicate the absence of 
expression, and the arrows point to the TRN cell body that express the marker. (B) Average fluorescent 
intensity (arbitrary intensity units) measured from TRN cells expressing either wgIs600 [unc-62::EGFP] 
or mxIs28[ceh-20::YFP] in various strains (n = 20). Mutants are compared to wild type. (C) PLM 
posterior neurite length in young adults or L1 animals of various strains. (D) PLM morphologies in 
animals carrying a mec-3p::unc-62 transgene. White arrows pointed to various PLM defects, including (i) 
the shortened posterior neurite, (ii) the overextension of anterior neurite, (iii) the dorsal shift of cell body, 
(iv) the abnormal branching, and (v) the dorsal shift of the anterior neurite. (E) The length of ectopic 
ALM posterior neurites in young adults of various strains and the penetrance of the phenotypes illustrated 
in Figure 2B. (F-G) PLM morphology in various Hox mutants. Cells were visualized by antibody staining 
against the TRN-specific MEC-18 protein in egl-5(945), egl-5(u202) lin-39(n1760), egl-5(n945) mab-
5(e1239), and lin-39(n1760) mab-5(e1239) egl-5(n945) animals. The length of PLM posterior neurite in 





Figure 3.5. EGL-5 suppresses the expression of ceh-20 cell-autonomously but represses lin-39 and mab-5 
cell-nonautonomously. (A) mxIs28[ceh-20::YFP] expression in ALM neurons of the wild type and 
animals carrying mec-17p::egl-5 transgene and PLM neurons of the wild type and egl-5 mutants. RFP 
expressed from mec-17 promoter marks the TRNs. Arrows point to the presence of GFP expression, and 
dashed ovals indicate the position of the cell body that did not express GFP. (B) PLM posterior neurite 
labeled by antibody staining against MEC-18 proteins in various Hox mutants. (C) The absence of 
wgIs18[lin-39::EGFP] and wgIs27[mab-5::EGFP] expression in PLM neurons in both wild type and egl-
5 animals. Dashed circuits indicate the position of PLM cell body, labeled by mec-17p::RFP. (D) 







Figure 3.6. RFIP-1 acts downstream of Hox genes to promote the growth of TRN posterior neurites and to 
determine the TRN subtype morphology. (A) The structure (adapted from WormBase) of the F55C12.1 
gene, which was named as rfip-1. The positions of the missense allele u1023 and the deletion allele gk515 
are shown. The rfip-1p_d::GFP reporter contains a 2.8 kb promoter upstream of the first exon of the d 
isoform of the rfip-1 gene. (B) PLM posterior neurite in young adults of various strains and ALM 
posterior neurite in animals carrying uIs217 [mec-17p::rfip-1]. Scale bars = 20 m. (C-D) The length of 




Figure 3.7. rfip-1 and small GTPase Rab11 gene rab-11.1 regulate posteriorly directed neurite outgrowth 
in PLM neurons. (A) rfip-1(gk515) and rab-11.1(tm2341) animals arrest at L1 stage and have 
significantly shortened PLM posterior neurites. Scale bar = 10 m. (B) The length of PLM posterior 
neurite in L1 animals of various strains (n = 30). (C) The length of PLM posterior neurite in young adult 
rfip-1 animals carrying mec-3p::rfip-1(+) or mec-17p::rfip-1(+) transgene. (D) The expression pattern of 








Figure 3.8. EGL-5 controls rfip-1 transcription. (A) The expression of the rfip-1p_d::GFP reporter in 
TRNs in various strains. mec-17p::RFP was used to mark the position of the TRN cell bodies. Arrows 
point to the presence of GFP expression, and dashed circles indicate the position of the cell body that did 
not express GFP. Scale bars = 20 m. (B) smFISH using rfip-1 probes was performed on various strains. 
uIs31[mec-17p::GFP] was used to label the cell body of ALM and PLM neurons, and the dashed lines 
marked the boundaries of the cell bodies in the bottom panels. (C-D) The number of fluorescently labeled 
rfip-1 mRNA molecules in TRN cells in various strains. (E) The correlation between the length of ALM 
posterior neurite and the number of rfip-1 mRNA molecules in ALM neurons of animals carrying a mec-
17p::egl-5 transgene. (F) The expression of rfip-1p_d::GFP in PLM neurons that  express mec-3p::unc-
62 and have shortened posterior neurites. (G) The length of PLM posterior neurites in various strains. 






Figure 3.9. rfip-1 expression in PLM neurons is independent of unc-62 and mec-3. (A) smFISH using 
rfip-1 probes in wild type animals and animals expressing unc-62 from mec-3 promoter. (B) The 
expression of rfip-1p_d::GFP reporter at the tail of mec-3 mutant animals. Arrow points to the “PLM” 










Figure 3.10. EGL-5 controls a genetic program differentially expressed in ALM and PLM neurons. (A) 
The expression of maIs138[mir-84p::GFP], stIs11748 [tag-97::H1-wCherry], and zwEx113[inx-
13p::GFP] in ALM and PLM neurons from wild type, egl-5 animals, and animals carrying a mec-
17p::egl-5 transgene. Scale bars represent 10 m. (B) Average fluorescent intensity in TRNs from 
various strains (n = 20). (C) Diagrams for the genetic programs of ALM and PLM neurons. MEC-3-
dependent TRN differentiation genes that are shared by both subtypes are in red. Subtype-specific genes 




Figure 3.11. EGL-5 regulates functional connectivity between PLM and the PVC interneuron. (A) The 
posterior touch circuit.  PLM senses gentle touch, whereas PVD and PDE mediate harsh touch (Li et al., 
2011). The PVC interneurons subsequently activate VB and DB motor neurons, which are responsible for 
forward movement. Zigzag lines indicate gap junctions, and triangle-ended lines indicate excitatory 
chemical synapses. (B) Loss of expression of the interneuron markers akIs3[nmr-1::GFP] and rhIs4[glr-
1p::GFP] in egl-5(u202) PVC neurons. (C) Posterior gentle (elicited by stroking with an eyebrow hair) 
and harsh (elicited by hitting with a platinum wire) touch sensitivity in egl-5 mutants with various 
transgenes. (D) Rescue of egl-5 mutants with the extrachromosomal array Ex[nmr-1p::egl-5; nmr-
1p::GFP; mec-17p::egl-5; mec-17p::RFP].  GFP and RFP fluorescence indicate the presence of the array 
in the PVC neurons and PLM neurons, respectively. Mosaic animals were tested for gentle and harsh 
touch sensitivity in the posterior. Double asterisks indicate p < 0.01 in comparison with the wild type 
conditions. (E) The relative changes in fluorescent intensity of GCaMP3 upon mechanical stimuli of the 
PLM neurons from both wild type (n = 10) and egl-5 animals (n = 12). Values were normalized to the 
maximum ratio of change. (F) The maximal fold change for GCaMP3 intensity in PLM and PVC neurons 
in egl-5 mutants (n > 10 for each strain). nmr-1p::egl-5 was expressed to restore the PVC fate and allow 
the expression of nmr-1p::GCaMP3 and calcium imaging. (G) The light-induced avoidance response of 
egl-5(u202); uIs94[Pmec-4::ChR2-YFP; Pmec-17::GFP] animals injected with various constructs and 
subjected to three flashes of blue light. Responses at both the anterior and posterior were tested (n = 20 




Figure 3.12. Misexpression of egl-5 in ALM neurons fails to establish ectopic connections between ALM 
and PVC. (A) The position of PLM::PVC gap junction in wild-type and egl-5(u202) animals. Arrows 
point to the gap junctions labeled by mec-17p::unc-9::GFP. Note that UNC-9::GFP only serves as a gap 
junction localization marker not a functional indicator, since mutation in unc-9 does not disrupt the 
posterior connectivity. (B) The wild-type gentle touch circuit according to Chalfie et al. (1985). ALM is 
connected with interneuron AVD through gap junctions and with PVC through inhibitory chemical 
synapses. PLM has the opposite connectivity. The AVM to AVB and AVA pathways are omitted for 
simplicity. (C) Anterior and posterior touch sensitivity in wild type and animals carrying the indicated 
transgenes (n = 20). Here and in (D) black bars indicated forward movement, white bars for backward 
movement, and patterned bars for no response. (D) Touch response in eat-4(ky5); unc-9(fc16) unc-7(e5) 
animals with the indicated transgenes. The PLM neurons were ablated during the L1 stage, and the 
ablated animals were tested for touch response as young adults (n = 15). (E) Calcium activity in late L4 
stage AVD and PVC neurons in animals touched by a glass probe at either the anterior side (roughly 100 
m away from the ALM cell body towards the head) or the posterior side (about 100 m away from the 
PLM cell body towards the vulva). Both wild type and animals carrying the mec-17p::egl-5 transgene 
were tested. Animals were stimulated with a range of mechanical stimuli, and the maximum response was 
recorded (n = 8).  
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Number   
of cells 1 
Wild Type 0% 0% 5% 7% 0% 58 
egl-5(u202) 93% 67% 53% 86% 15% 85 
egl-5(tm4746) 94% 60% 44% 90% 11% 70 
egl-5(u202);  
mec-3p::egl-5(+) 13% 18% 13% 21% 3% 62 
egl-5(u202);  
mec-3p::php-3(+) 15% 67% 48% 30% 11% 54 
egl-5(u202);  
unc-86p::mec-3(+) 2 90% 63% 50% 93% 9% 68 
mec-3p::unc-62(+) 42% 19% 23% 62% 12% 52 
mec-3p::ceh-20(+) 2% 4% 4% 6% 0% 48 
mec-3p::unc-62(+); 
mec-3p::ceh-20(+) 52% 25% 32% 71% 11% 56 
mec-3p::unc-62(+); 
mec-3p::egl-5(+) 11% 9% 15% 22% 2% 46 
ceh-13(ok737); 
mec-3p::unc-62(+) 3 45% n.a. 20% 65% 10% 40 
egl-5(u1034); 
ceh-13(ok737) 4 94% n.a. 38% 84% 9% 32 
egl-5(u202); 
unc-62(e644) 96% 64% 48% 90% 14% 50 
rfip-1(u1023) 85% 0% 4% 53% 0% 68 
egl-5(u202); 
mec-17p::rfip-1(+) 5% 62% 48% 10% 12% 42 
 
In egl-5 animals about 60% and 70% of PLM neurons showed the expression of TRN markers at 15 °C 
and 20 °C, respectively. Morphological characterization of PLM neurons from egl-5 animals were 
performed at 20 °C. 
1 
Percentages are based on the number of cells that express the TRN marker 
uIs115[mec-17p::RFP]. 
2 
In egl-5 animals carrying the unc-86p::mec-3 transgene, 94% (68 out of 72) of 




ceh-13 animals at L1 stage 
prevented the examination of the branching of the PLM anterior neurites, which occurred at later 
developmental stages. 
4
 egl-5 ceh-13 double mutants were previously generated by inducing small 
deletion in egl-5 gene in ceh-13/+ heterozygotes using CRISPR/Cas9-mediated genome editing (Zheng et 










Mutual inhibition between Zn-finger homeodomain protein ZAG-1 
and TEA domain transcription factors EGL-44 controls a bistable 




(The following manuscript is in preparation with other authors: Felix Qiaochu Jin, Brian Loeber 
Trippe, Ji Wu, and Martin Chalfie. Felix Jin made all the constructs for mec-18 promoter 
analysis in this study and conducted the yeast-two hybrid assays and contributed to Figure 4.6 
and 4.9; Brian Trippe performed the RNAi screen of candidate transcription factors and 
contributed to Figure 4.1; Ji Wu performed the gel shift assay testing the interaction of EGL-44 




 The same terminal selectors, which are transcription factors that determine neuronal cell 
fate, can induce the differentiation of multiple distinct types of neurons. However, the 
mechanism of cell fate choices among these neurons is unclear. Here, we investigate the cell fate 
choice between C. elegans touch receptor neurons (TRN) and polymodal sensory FLP neurons. 
Both TRN and FLP neurons express the POU-domain transcription factor UNC-86 and the LIM 
domain protein MEC-3, which act as terminal selectors to specify the TRN fate; however, the 
FLP neurons do not adopt the TRN fate and do not express the TRN genetic program. We found 
that the TEA domain transcription factor EGL-44 and the zinc finger protein EGL-46 in FLP 
neurons form a heterodimer to repress the TRN genes by outcompeting UNC-86/MEC-3 for the 
binding of the same cis-regulatory elements in the TRN promoters. In the TRNs, the Zn-finger 
homeodomain transcription factor ZAG-1 represses the expression of egl-44 and egl-46, thus 
allows the expression of the TRN fate. Moreover, EGL-44/EGl-46 also transcriptionally 
represses zag-1 in FLP neurons, and this mutual inhibition establishes a bistable regulatory 
switch between the TRN and FLP cell fates. Therefore, our studies suggest that a double-
negative feedback loop can be used to generate mutually exclusive cell fates during terminal 








Neuronal cell fate is the terminally differentiated state of neurons that can be 
distinguished from other neurons by specialized functions and the expression of genes that 
enable the execution of these neuronal functions. These effector genes are termed as “terminal 
differentiation genes” and their expression serve as markers for neuronal cell fate. For example, 
the cell fate of mammalian photoreceptor is defined by the expression of photoreceptor-specific 
retinol-binding proteins, rhodopsin, G protein Gnat1, phosphodiesterase, and others that are 
directly involved in light detection (Blackshaw et al., 2001; Hsiau et al., 2007).  
The current theory suggests that terminal selectors (mainly transcription factors), either 
alone or in combinations, determine cell fate by regulating the expression of the terminal 
differentiation genes (Hobert, 2008). For example, the homeodomain transcription factor Crx 
controls photoreceptor fate (Corbo et al., 2010), the Pet-1 ETS domain transcription factor 
directs mouse serotonergic neuron differentiation (Hendricks et al., 2003), and EBF-type 
transcription factor UNC-3 determines the identity of C. elegans cholinergic motor neurons 
(Kratsios et al., 2012). Several studies suggest that terminal selectors directly regulate the 
transcription of various terminal differentiation genes through common cis-regulatory elements 
(Hobert, 2011).  Terminal selectors could presumably also promote cell fate indirectly, but such 
regulation has not been seen. 
The same terminal selectors are often expressed in several distinct types of neurons but 
only promote one specific cell fate in one type of neurons. Although the overlapping expression 
pattern of many transcription factors could possibly give rise to unique combinatorial code for 
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each cell fate, the mechanisms that restrict the function of terminal selectors to specific cell types 
is not well understood.  
To address these questions, we studied the cell fate choice that generates either the touch 
receptor neurons (TRN) or the FLP neurons in C. elegans.  The six TRNs are mechanosensory 
neurons that detect genetle mechanical stimuli along the body (Chalfie and Sulston, 1981), and 
the two FLP neurons are multidendritic nociceptors that sense harsh touch, noxious temperature, 
and humidity (Chatzigeorgiou and Schafer, 2011; Chatzigeorgiou et al., 2010; Kaplan and 
Horvitz, 1993; Russell et al., 2014). The POU homeodomain transcription factor UNC-86 and 
LIM homeodomain transcription factor MEC-3 are terminal selectors that determine TRN cell by 
directly activating TRN-specific genes needed for mechanosensation. These TRN terminal 
differentiation genes include the mechanosensory channel mec-4, tubulin mec-7, tubulin 
acetyltransferase mec-17, and others; their activation is mediated by the UNC-86/MEC-3 binding 
sites in their proximal promoters (Duggan et al., 1998; Zhang et al., 2002). 
The FLP neurons also express unc-86 and mec-3, but they do not express the TRN 
terminal differentiation genes and therefore do not adopt the TRN fate (Way and Chalfie, 1988). 
Our previous work suggested that coexpression of the TEA domain transcription factor EGL-44 
and the zinc-finger protein EGL-46 in FLP neurons prevented these cells from acquiring the 
TRN fate and allowed them to express FLP-specific genes (Wu et al., 2001). Since egl-44 and 
egl-46 are not expressed together in the TRNs, the active inhibition of TRN fate in FLPs 
distinguished the two types of neurons that express common selector genes.  
In this paper we extend this model of TRN and FLP neuron determination, by asking 
whether other transcription factors help promote the TRN fate and cause the cells to differentiate 
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away from the FLP fate or restrict mec-3 expression to only ten of the 57 unc-86-expressing 
neurons (six TRNs, two FLP neurons, and two PVD neurons) and TRN fate ro only six of these 
cells TRNs (Baumeister et al., 1996). Therefore, identifying all positive TRN fate selectors, 
presumably transcription factors, and dissecting their interactions could help understand how 
neuronal cell fate is specified along development.We screened for effects on TRN development 
of the loss of 392 transcription factors using RNA interference and identified LDB-1 and ZAG-1 
as positive TRN fate regulators. The LIM domain-binding protein LDB-1 is expressed in both 
TRNs and FLPs; LDB-1 stabilizes MEC-3 proteins post-transcriptionally and thus contributes to 
the activation of TRN fate. Zn-finger homeodomain protein ZAG-1 is expressed in TRNs but not 
FLP neurons and promotes the TRN fate by preventing the expression of egl-44. EGL-44 also 
represses the expression of zag-1 in FLPs, and this mutual inhibition establishes a bistable switch 
between TRNs and FLPs cell fates. Our work suggests that some terminal selectors act indirectly 
to specify neuronal cell fate without directly activating terminal differentiation genes.  
Results 
RNAi screen of transcription factors to identify cell fate regulators 
C. elegans have six TRN neurons, and our study mainly focused on the four 
embryonically derived cells ALML/R and PLML/R, which are two pairs of bilaterally symmetric 
neurons. ALM and PLM neurons are generated in the three-fold embryonic stage shortly before 
hatching, and they are located at the anterior and posterior halves of the body, respectively 
(Chalfie and Sulston, 1981; Sulston et al., 1983). The other two TRNs are post-embryonically 
derived AVM and PVM neurons. 
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To systematically search for selector genes involved in the specification of TRN fate, we 
performed an RNAi screen to identify genes whose knockdown resulted in the loss of TRN 
marker expression. Animals were fed with bacteria that express double strand RNA (dsRNA) 
targeting specific genes, and their progeny were examined at the early larval stages for the 
expression of transgene mec-17p::RFP, which served as a TRN marker. Using RNAi against 
unc-86 as a positive control, we tested various genetic backgrounds that were previously found 
to enhance the effects of RNA interference and found that eri-1 lin-15B mutants had the highest 
penetrance for the loss of RFP expression. About 80% of these animals did not express RFP in 
either of the two ALM neurons when treated with unc-86 RNAi (Figure 4.1A and B). Since the 
posterior TRNs (PLM neurons) were less affected by the RNAi treatment (Figure 4.1B), we 
focused on the disappearance of mec-17p::RFP expression in the ALM neurons in the screen.  
Among the 443 bacterial clones expressing dsRNA against 392 transcript factors, we 
identified 14 genes that are required for the expression of TRN markers (Figure 4.1). Four genes 
(unc-86, mec-3, ldb-1, and ceh-20) out of the 14 were previously known to affect the expression 
of TRN terminal differentiation genes. For the rest ten genes, we acquire null mutants for all of 
them and were only able to confirm the loss of mec-17p::RFP expression in zag-1 mutants. The 
nine genes whose mutations did not cause the phenotype were not likely to be false positive 
because they were constantly selected out in six consecutive rounds of screens. We also crossed 
several mutants (zip-4, hmbx-1, and nhr-119) with eri-1 lin-15B animals and found that even in 
the genetic background we used in the screen mutations of those transcription factors did not 
affect TRN fate either. Thus, the discrepancy between the RNAi and mutant phenotypes could 
probably be attributed to the mistargeting effects of the dsRNAs. This study will focus on the 
roles of LDB-1 and ZAG-1 in TRN fate determination.  
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LIM domain-binding protein LDB-1 promotes TRN fate by stabilizing MEC-3 protein 
 ldb-1 encodes the only C. elegans homolog of nuclear LIM domain-binding protein 
NLI/Ldb1/CLIM2 and was shown to bind to LIN-11 and MEC-3, the two founding members of 
the LIM domain protein family (Cassata et al., 2000; Gupta et al., 2003). Previous studies 
showed that RNAi against ldb-1 eliminated the expression of TRN gene mec-2 without affecting 
mec-3 expression (Cassata et al., 2000). The null mutation of ldb-1 caused early larval arrest, and 
we found that the expression of a set of TRN markers (mec-4p::GFP, mec-7p::GFP, mec-
17p::RFP, and mec-18p::GFP) were all lost in both ALM and PLM neurons in those arrested L1 
animals (Figure 4.2A and B). We also confirmed that the expression of mec-3p::RFP reporter 
persisted in ldb-1 mutants (Figure 4.2C),  but quantitative measurements of mec-3 mRNA levels 
using single molecule fluorescent in situ hybridization (smFISH) revealed that mec-3 
transcription was moderately reduced in ldb-1 mutants compared to the wild type animals 
(Figure 4.2D). Therefore, our data suggest that LDB-1 is not only required for the activation of 
MEC-3 target genes but is also needed for maintaining optimal mec-3 expression.   
We confirmed the physical interaction between LDB-1 and MEC-3 using a yeast two 
hybrid assay (Figure 4.3); and this interaction presumably enables MEC-3 to activate its 
downstream TRN genes, similar to previous examples that LDB-1 homologs NLI and CLIMs are 
necessary for the functions of LIM-hd domain proteins in mice (Bach et al., 1997; Jurata et al., 
1996). In addition, we found that LDB-1 is also required for the protein stability of MEC-3. 
Unlike the mec-3 promoter reporter, the expression of mec-3::GFP translational fusion driven by 
the same promoter was completely lost or strongly suppressed in ldb-1 mutants; A fosmid-based 
mec-3 translational reporter also failed to express in ldb-1 mutants (Figure 4.2E). These results 
suggest that the MEC-3 protein is highly unstable in the absence of LDB-1. Because MEC-3 is 
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required for the maintenance of its own expression, impaired MEC-3 protein stability in ldb-1 
mutants may cause the reduction in mec-3 transcription. 
The expression of ldb-1 was found in many neurons, vuval cells, and some muscle cells 
(Cassata et al., 2000); and we found that it was also expressed in the TRNs and this expression 
was completely dependent on mec-3 (Figure 4.2F). This result suggests that MEC-3 regulates its 
own transactivity and stability by activating its binding partner and cofactor ldb-1. In addition to 
allowing the activation of TRN terminal differentiation genes, the association of LDB-1 with 
MEC-3 also prevents MEC-3 degradation and ensures the optimal level of mec-3 transcription. 
Our results are supported by a previous report that the Drosophila LDB-1 homolog Chip/dLdb-1 
binds to and stabilizes LIM-hd domain protein Apterous, and the dissociation of Chip from 
Apterous triggers its degradation (Weihe et al., 2001). Overall, we found that LDB-1 plays an 
essential role in inducing TRN fate. 
ZAG-1 is required for the expression of TRN fate markers independently of MEC-3 
 Our screen also identified zag-1 as a positive regulator of TRN fate. zag-1 encodes the 
sole C. elegans ortholog of ZEB family transcription factors, which in human have key functions 
in development and are also involved in various diseases (Vandewalle et al., 2009). Structurally, 
ZAG-1 protein comprises a homeodomain flanked by two clusters of C2H2-type zinc fingers. 
zag-1 gene was previously found to prevent the post-embryonic TRN neuron PVM from 
adopting the morphology of multidendritic nociceptor PVD neurons (Smith et al., 2013a). PVM 
neurons developed PVD-like dendritic arbors in animals carrying a hypomorphic zag-1 allele, 
which suggests that ZAG-1 contributes to the differentiation of PVM neurons. The null mutation 
of zag-1 led to early larval arrest at the L1 stage, and we found that the expressions of all the 
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tested TRN fate markers were lost in the zag-1(hd16) null mutants (Figure 4.4A and B). The 
expression of mec-3 transcriptional reporter, however, was not affected (Figure 4.4A). We 
confirmed that mutations in zag-1 neither changed the level of endogenous mec-3 mRNA using 
smFISH (data not shown) nor altered the level of MEC-3 protein using translational GFP fusions 
(Figure 4.4B). Moreover, expressing zag-1(+) from the mec-3 promoter restored the expression 
of TRN fate marker mec-17p::RFP in zag-1 mutants, suggesting that ZAG-1 acts cell-
autonomously to induces the expression of TRN terminal differentiation genes. Since mec-3 
expression is completely dependent on unc-86, we expected and found that the expression of 
unc-86 was not changed in zag-1 mutants either (data not shown). 
 Using a fosmid-based translational GFP fusion, we found that zag-1 was expressed in the 
TRNs but not FLP neurons (Figure 4.4C), and the expression of zag-1 in TRNs was not affected 
by mutations in mec-3 (Figure 4.4D). Therefore, zag-1 and mec-3 are transcriptionally 
independent of each other. There was also no physical interaction between ZAG-1 and MEC-3 in 
a yeast two hybrid assay (Figure 4.3). Together, our results suggest that ZAG-1 promotes TRN 
fate independently of the previously identified TRN fate determinants UNC-86 and MEC-3.  
ZAG-1 promotes TRN fate by preventing the expression of EGL-44 
 Previous studies found that TEA domain transcription factor EGL-44 and Zn-finger 
protein EGL-46 inhibited the TRN fate in FLP neurons (Wu et al., 2001). Since zag-1 was 
selectively expressed in TRN neurons but not FLPs, we found that ZAG-1 promotes the TRN 
fate by preventing the activation of EGL-44/EGL-46 inhibitory mechanism. We first confirmed 
that mutations in egl-44 and egl-46 led to ectopic expression of TRN marker mec-17p::GFP in 
FLP neurons in the wild type background and restore the reporter’s expression in TRN neurons 
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in zag-1 mutants (Figure 4.5A and B). We also tested other TRN markers and found similar 
results (data not shown). The fact that egl-44 and egl-46 are epistatic to zag-1 suggests that 
ZAG-1 normally suppressed the activity of EGL-44 and EGL-46 in TRN neurons. These results 
also suggest that the default state of the cells is to express the TRN fate in the absence of zag-1 if 
the inhibition from egl-44 and egl-46 are removed. Therefore, the activation of the TRN terminal 
differentiation genes does not directly require ZAG-1. Nevertheless, we observed shortening and 
misguidance of the TRN neurites from the zag-1 egl-44 and zag-1 egl-46 mutants, which is 
consistent with the previous reported function of ZAG-1 in regulating axon guidance (Clark and 
Chiu, 2003; Wacker et al., 2003).  
 egl-44 and egl-46 were normally expressed in the FLP neurons but not TRN neurons, and 
the expression of egl-46 was dependent on egl-44 (Figure 4.5B and C). EGL-44 and EGL-46 
proteins form a complex in a yeast two-hybrid assay and presumably act together to regulate 
gene expression (Figure 4.6). In zag-1 mutants, the GFP reporters for both egl-44 and egl-46 
were ectopically expressed in the TRN neurons (Figure 4.5D), and smFISH results suggest that 
ZAG-1 transcriptionally repressed egl-44 (Figure 4.5E). Therefore, ZAG-1 promotes the TRN 
fate through a double inhibition mechanism; the expression of zag-1 in TRN neurons prevents 
the activation of egl-44 and egl-46, which inhibit the expression of TRN genes. 
 Misexpression of ZAG-1 converts FLP neurons to a TRN-like fate 
 We next misexpressed zag-1 in FLP neurons using mec-3 promoter and found that this 
misexpression led to activation of mec-17p::GFP in FLP neurons (Figure 4.7A). Other TRN 
markers were also activated in FLP neurons upon the expression of mec-3p::zag-1 (data not 
shown). Ectopically expressed ZAG-1 suppressed the expression of egl-44 and egl-46 in FLP 
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neurons (Figure 4.7A and B), which supports that ZAG-1 promotes TRN fate by inhibiting egl-
44 and egl-46. In addition, we observed that the expression of mec-3p::zag-1 transgene also 
resulted in the activation of TRN markers in PVD neurons, in which mec-3 promoter was also 
activated (Figure 4.7A). This result is consistent with previous findings that ZAG-1 prevents 
PVD-like dendritic branching in the post-embryonic TRN neuron PVM (Smith et al., 2013a) and 
suggests that ZAG-1 in general promotes TRN fate and inhibits PVD fate. Since egl-44 was not 
expressed in PVD neurons, it is unclear how misexpressed ZAG-1 converts PVD neurons to 
TRN-like cells; some unidentified factors may normally inhibit TRN fate in PVD neurons and 
was suppressed by ZAG-1.  
EGL-44/EGL-46 proteins repress zag-1 expression in FLP neurons   
 Given the mutually exclusive expression patterns of zag-1 and egl-44/egl-46 in FLP and 
TRN neurons, we next tested whether zag-1was also regulated by EGL-44/EGL-46. Mutations in 
egl-44 and egl-46 led to ectopic expression of zag-1::EGFP reporter in FLP neurons; and 
misexpressing egl-44 under mec-3 promoter reduced, although did not completely eliminate, the 
expression of zag-1 in TRN neurons (Figure 4.7B and C). Therefore, there are reciprocal 
repressions between the positive TRN fate regulator ZAG-1 and the negative regulator EGL-
44/EGL-46. 
 Misexpression of egl-44 activates egl-46 in TRN neurons, and the EGL-44/EGL-46 
complex completely abolished the expression of TRN markers (Figure 4.7D). The misexpression 
of EGL-46 alone did have any effect on TRN fate, but mutations in egl-46 strongly suppressed 
the activity of EGL-44 in inhibiting TRN marker expression (Figure 4.7B). These results support 
that EGL-44 and EGL-46 are both required and act together to abrogate TRN fate adoption. 
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Unexpectedly, co-expression of EGL-44 and ZAG-1 under mec-3 promoter prevented the 
effects of EGL-44 and activated TRN marker mec-17p::GFP in all mec-3-expressing neurons 
(TRNs, FLPs, and PVDs; Figure 4.7E). Because mec-3 promoter is not affected by either EGL-
44 (Topalidou and Chalfie, 2011) or by ZAG-1 (this study), this result suggests that in addition 
to transcriptional repression ZAG-1 proteins also inhibit the activity of EGL-44 proteins. This 
inhibition is caused by ZAG-1-mediated suppression of egl-46, because supplying EGL-46 using 
mec-3 promoter removed the effect of ZAG-1 and turned off the expression of TRN markers 
again (Figure 4.7F). Moreover, egl-46::GFP reporter was directly suppressed by ZAG-1 
expressed from mec-3 promoter despite the presence of misexpressed EGL-44 proteins (Figure 
4.7B), suggesting that ZAG-1 can repress egl-46 transcription both through egl-44 and 
independently of egl-44. Functionally, animals carrying the uIs211[mec-3p::egl-44] transgene 
was completely insensitive to gentle touch; co-expression of zag-1 from mec-3 promoter could 
restore the sensitivity in animals where the TRN markers were reactivated but failed to do so 
when mec-3p::egl-46 was expressed (Figure 4.8). Thus, the activity of EGL-44/EGL-46 
complexes is dominant over ZAG-1 when both present in the same cells.  
EGL-44/EGL-46 inhibits TRN genes by competing with UNC-86/MEC-3 for DNA binding  
 We next investigated the mechanism by which EGL-44/EGL-46 prevents the expression 
of TRN terminal differentiation genes. One hypothesis was that EGL-44/EGL-46 negatively 
regulates the expression of TRN genes through repressive cis-regulatory elements in TRN 
promoters. We searched for such DNA elements by dissecting the mec-18 promoter, which 
represented the smallest TRN-specific promoter. We first identified a 184-bp region upstream of 
the start codon of mec-18 gene; this proximal promoter, which contains sequences conserved 
across nematode species (Figure 4.9), was only expressed in TRNs and could be activated in FLP 
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neurons in egl-44 and egl-46 mutants (data not shown). By constructing and testing a series of 
promoter variants with deletions and mutations, we identified two UNC-86/MEC-3 binding sites 
that are both required for mec-18 expression in TRNs, but we failed to find any cis-regulatory 
element that mediated the repression of mec-18 reporter in FLPs (Figure 4.8). Therefore, EGL-
44/EGL-46 seems to not suppress TRN markers via distinct, repressive elements. 
 We then explored the possibility that EGL-44/EGL-46 acts through the UNC-86/MEC-3 
binding site, since EGL-44 belongs to the TEA domain class transcription factors, which 
recognize DNA sequences similar to the UNC-86/MEC-3 binding site (Figure 4.10A; Jiang et al., 
2000; Zhang et al., 2002). We found that EGL-44 indeed was able to bind the previously 
identified UNC-86/MEC-3 motifs in mec-4, mec-7, mec-17, and mec-18 promoters using an 
electrophoretic mobility shift assay (Figure 4.10B). We also confirmed that EGL-46 can form a 
complex with EGL-44 bound to these DNA elements (Figure 4.10C), suggesting that EGL-44 
mediates the direct contact with the TRN promoters and EGL-46 acts as a corepressor. More 
importantly, EGL-44/EGL-46 outcompeted UNC-86/MEC-3 for the binding to the same 
regulatory sequences (Figure 4.10C), suggesting that the cis-regulatory sites normally bound by 
UNC-86/MEC-3 biochemically prefers EGL-44/EGL-46. Therefore, EGL-44/EGL-46 in the FLP 
neurons prevents the activation of TRN genes by occluding the UNC-86/MEC-3 binding sites 
essential for the expression of TRN fate. This model is consistent with previous observations that 
overexpression of MEC-3 in FLP neurons could overcome the EGL-44/EGL-46-mediated 
inhibition and activate the TRN program presumably by retaking the binding site (Topalidou and 
Chalfie, 2011).         
 ZAG-1 belongs to the ZEB family of transcription factors, which interact with DNA 
through the simultaneous binding of the two zinc finger domains with regulatory sites containing 
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bipartite E-boxes (CACCT and CACCTG; Remacle et al., 1999). We did not find any DNA 
sequences resembling a ZEB binding site in the mec-18 promoter or other TRN promoters (mec-
4, mec-7, and mec-17), suggesting that ZAG-1 does not directly bind to and activate TRN 
promoters. This is consistent with the observation that TRN genes could be activated in zag-1 
mutants once egl-44 was removed. In the yeast two-hybrid assay, we did not observe any 
physical interaction of ZAG-1 with either EGL-44 or EGL-46, and none of EGL-44, EGL-46, 
and ZAG-1 physically binds to MEC-3 protein (Figure 4.6). These results suggest that ZAG-1 
does not interact with EGL-44/EGL-46 or MEC-3 at the protein level. 
Discussion 
RNAi screen is a systematic method to identify genes involved in cell fate determination 
 In this study, we demonstrated that a systematic RNAi screen of a distinct library of 
transcription factors can be used to identify neuronal cell fate regulators, particularly genes 
whose mutations lead to lethality or sterility. Our previous genetic screens, which searched for 
viable mutants with touch-sensing defects, despite reaching saturation, only identified unc-86 
and mec-3 as the TRN fate determinants (Chalfie and Au, 1989). Using the RNAi screen we not 
only recovered unc-86 and mec-3 blindly, but also identified ceh-20, ldb-1, and zag-1 as genes 
required for the expression of TRN fate.  These latter genes would not have been identified 
easily in our previous screens, since null mutations in them lead to early larval arrest. Although 
the study of individual genes identified ceh-20 (Zheng et al. submitted) and ldb-1 (Cassata et al., 
2000) as regulators of TRN fate, RNAi screens, such as we have done, provide a systematic,  
complementary approach to identify genes controlling neuronal differentiation. 
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 This approach, however, raises two concerns with regards to its reliability and 
applicability. First, only 5 of the 14 genes we identified from the screen were confirmed with 
mutants. The remaining 9 genes (65%) whose null mutations did not result in TRN 
differentiation defects were not likely to be false positive, because RNAi treatment against these 
genes all repeatedly showed the loss of TRN marker expression. These false positives probably 
resulted from mistargeting of the dsRNA. A similar problem was encountered in a genome-wide 
RNAi screen for genes involved in the specification of ASE neuron in C. elegans (Poole et al., 
2011), since a significant fraction of the genes identified from the screen could not be verified 
using mutants (Oliver Hobert, personal communication). Second, although both ALM and PLM 
neurons required similar factors for cell fate determination, RNAi against unc-86 and the other 
fate regulators caused much stronger effects in the ALM neurons than in PLMs. This bias 
towards the anterior was previously observed in our enhanced neuronal RNAi system (Calixto et 
al., 2010), suggesting that neurons with the cell body located in the tail region, especially 
positioned posteriorly to the anus, may be less affected by RNAi than those located in the 
anterior half of the animal. 
Transcription factors safeguard cell fate without directly regulating terminal 
differentiation genes    
 The concept of “terminal selectors” is centered on the idea that transcription factors that 
control neuronal cell fate directly activates terminal differentiation genes associated with the 
identity and function of the neuron through common cis-regulatory elements (Hobert, 2011; 
Hobert et al., 2010). POU homeodomain protein UNC-86 and LIM homeodomain protein MEC-
3 are examples of such terminal selectors, since they directly activate TRN genes via the UNC-
86/MEC-3 binding sites in the promoter of TRN genes (Duggan et al., 1998).  
159 
 
Here we found that at least two transcription factors that are required for TRN fate 
indirectly promote the expression of TRN genes. The LIM domain-binding protein LDB-1 binds 
to MEC-3, which prevents MEC-3 from being degraded and enables it to activate downstream 
TRN genes. ZAG-1 safeguards the expression of TRN markers by repressing the cell fate 
inhibitors EGL-44 and EGL-46. Although both proteins are absolutely required for the adoption 
of TRN fate, neither LDB-1 nor ZAG-1 directly associate with the DNA elements of TRN genes 
and control the activity of TRN promoters. Moreover, unlike the highly confined expression of 
classical terminal selectors (e.g. mec-3 is only expressed in ten neurons), the expression of LDB-
1 and ZAG-1 was very broad. ldb-1 is widely expressed in the nervous system, the reproductive 
system, and the muscles (Cassata et al., 2000), and zag-1 is expressed in many neurons in the 
head and tail ganglia and ventral cord motor neurons, as well as various muscles (Wacker et al., 
2003). Above features suggest that LDB-1 and ZAG-1 may represent a separate class of cell fate 
regulators that are phenotypically identical to but mechanistically different from the conventional 
terminal selectors.    
A bistable regulatory switch controls binary cell fate decisions  
 A central question for neuronal differentiation is how the extraordinary diversity of 
neuron types are generated and maintained. The “combinatorial code” hypothesis suggests that 
the identity of a neuron type or subtype is determined by a combination of transcription factors 
(Jessell, 2000; Lumsden, 1995), but mechanistically how their actions are coordinated in a 
regulatory network is not well understood. One way to delineate the activities of a complex code 
of terminal selectors is to investigate how binary fate decisions are made to distinguish one 
neuron type from another. In this study, we found that this choice between two neuronal fates 
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can be controlled by a bistable switch mediated by the reciprocal repression of two transcription 
factors.  
 Both FLP and TRN neurons express the same terminal selectors UNC-86 and MEC-3, 
but FLPs fail to express the TRN genetic program because EGL-44/EGL-46 blocked the 
activation of TRN genes by occupying the cis-regulatory elements that are bound by UNC-
86/MEC-3 in TRNs (see Figure 6D for the model). This inhibition of TRN fate is very robust, 
since EGL-44/EGL-46 has much higher affinity to the DNA elements in TRN promoters than 
UNC-86/MEC-3 (Figure 6C) and misexpressing egl-44 in TRNs can completely shut off the 
expression of TRN genes (Figure 5D). As a consequence, TRN neurons developed a safety 
mechanism that uses ZAG-1 to strongly repress both egl-44 and egl-46 and thus ensures their 
absence in the TRNs. Reciprocally, EGL-44/EGL-46 also silenced zag-1 in FLPs, which secured 
the expression of egl-44 and egl-46 and prevented the adoption of TRN fate. Such mutual 
repression enables a bistable switch that locks the cell fate in one of the two possible states. 
 Several binary neuronal fate choices have be found in vertebrates, particularly for 
neurotransmitter identity (Cheng et al., 2005; Lopes et al., 2012; Nakatani et al., 2007), but the 
mechanism underlying these choices is largely unknown. For example, in dorsal spinal cord 
Lbx1 promotes GABAergic identity and suppresses glutamatergic differentiation (Cheng et al., 
2005), whereas in the mesencephalon Helt selects GABAergic fate over glutamatergic fate 
(Nakatani et al., 2007). A more recent example shows that Fezf2, acting as a selector gene, 
directly induces the glutamatergic identity of mouse corticospinal motor neurons by activating 
Vglut1 and inhibits a GABAergic fate by repressing Gad1 (Lodato et al., 2014). However, 
whether the two fates are exclusive to each other because of a bistable switch is unknown. 
Moreover, unlike the above examples, ZAG-1, also acting as a selector, induces TRN fate by 
161 
 
double inhibition instead of direct activation, which represents a different mechanism of binary 
regulation. 
Several well characterized examples of binary fate choices have been found in C. elegans 
and Drosophila (Jukam and Desplan, 2010). A bistable transcriptional feedback loop was found 
to mediate the cell fate choice between the bilaterally asymmetric ASEL and ASER neurons in C. 
elegans (Sarin et al., 2007). During the subtype specification of photoreceptors in Drosophila, a 
bistable feedback loop controls the Rhodopsin output (pale or yellow) in R8 subtype, following 
an instructive signal from R7 (Mikeladze-Dvali et al., 2005). Together our study and these 
examples suggest that bistable regulatory switches may be commonly employed to regulate 
terminal neuronal differentiation.  
Experimental Procedures  
Strains, Constructs, and transgenes 
C. elegans wild type (N2) and mutant strains were maintained as previously described 
(Brenner, 1974). Most strains were provided by the Caenorhabditis Genetics Center, which is 
funded by NIH Office of Research Infrastructure Programs (P40 OD010440), or by the National 
BioResource Project of Japan. VH514, zag-1(hd16) /unc-17(e113) dpy-13(e184) and VC639, 
ldb-1(ok896)/szT1; +/szT1[lon-2(e678)] were used as the balanced null alleles for zag-1 and ldb-
1, respectively. For other genes identified from the screen, we tested zip-4(tm1359), nhr-
119(gk136908), nhr-166(gk613), nhr-159(tm2323), egl-38(ok3510)/nT1[qIs51], hmbx-1(ok3467), 
fkh-2(ok683), lin-40(ku285), lin-40(s1506) unc-46(e177)/eT1, elt-6(gk723), and elt-6(gk754). 
A 2.4 kb mec-3 promoter, a 5.9 kb ldb-1 promoter, and a 2.2 kb zag-1 promoter were 
cloned from wild type (N2) genomic DNA into the Gateway pDONR221 P4-P1r vector. The 
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genomic coding region of ldb-1a, zag-1, egl-44, and egl-46 were cloned into Gateway 
pDONR221. The resulted entry vectors, together with pENTR-unc-54-3’ UTR and the 
destination vector pDEST-R4-R3 were used in the LR reaction to create the final expression 
vectors. Gateway cloning was performed according to the manual provided by Life Technologies 
(Grand Island, NY).  
Transgenes zdIs5[mec-4p::GFP] I, muIs32[mec-7p::GFP] II, uIs31[mec-17p::GFP] III, 
uIs115[mec-17p::RFP] IV, uIs134[mec-17p::RFP] V, and uIs72[mec-18p::mec-18::GFP] were 
used as fluorescent markers for the TRN cell fate. uIs22[mec-3p::GFP] and uIs152[mec-
3p::RFP] were used as mec-3 transcriptional reporter; uEx1007[mec-3p::mec-3::GFP] and 
wgIs55 [mec-3::TY1::EGFP::3xFLAG] were used as mec-3 translational reporter. wgIs83 [zag-
1::TY1::EGFP::3xFLAG] and uEx1006[ldb-1p::GFP] served as the reporters for zag-1 and ldb-
1, respectively. uIs211[mec-3p::egl-44] was used to stably express egl-44 in the TRNs. 
DNA constructs TU#625 and TU#626 (Wu et al., 2001) contain translational GFP fusion 
of egl-44 and egl-46, respectively, and were injected into animals to form reporters for the two 
genes. TU#924 contains a 400 bp mec-18 promoter inserted into pPD95.75 between HindIII and 
BamHI sites, and this mec-18p::GFP constructs were used as a template to create a series 
promoter variants shown in Figure 4.9 using the Q5 site-directed mutagenesis kit from New 
England Biolabs (Ipswich, MA).  
RNAi screen 
RNAi screen was performed using a modified bacteria feeding protocol previously 
reported (Kamath et al., 2003; Poole et al., 2011). We used the RNAi library from Source 
Bioscience (http://www.lifesciences.sourcebioscience.com/) and the list of 392 RNAi clones 
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targeting transcription factors were generated by searching WormBase WS238 using Gene 
Ontology terms related to “DNA binding” and “transcription factor activity” (see the complete 
list in Table S1). To perform the RNAi experiments, bacteria expressing dsRNA were seeded on 
NGM agar plates containing 6 mM IPTG and 100 µg/ml ampicillin. One day later, eggs from 
TU4429, eri-1(mg366); lin-15B(n744); uIs134[mec-17p::RFP] animals were placed onto these 
plates; the eggs hatched and grew to adults at 20°C. The F1 progeny of these worms were scored 
for the expression of TRN markers at the second larval stage. RNAi clones were considered to be 
positive if more than 15% (n > 20) of the treated animals failed to show RFP expression in the 
ALM neurons in at least two of the three replicate plates. Three initial rounds of screens were 
performed on all the 392 clones, and 14 clones were found positive in all the three rounds. Two 
more rounds of screens were then conducted on these 14 RNAi clones, which were all confirmed 
to be positive. We sequenced the inserts of all positive clones to confirm the identity of the target 
genes.  
Yeast two-hybrid assay 
 Yeast media and plates were prepared according to recipes from Clontech (Mountain 
View, CA) and yeasts were grown at 30°C. The yeast strain PJ69-4a (provided by Songtao Jia’s 
lab at Columbia University) used for the two-hybrid assays contains GAL1-HIS3, GAL2-ADE2, 
and GAL7-lacZ reporters. Vectors pGAD424 and pGBT9 (Clontech) were used to express 
proteins fused to the yeast activating domain (AD) and binding domain (BD), respectively. 
cDNA fragments of mec-3, unc-86, zag-1, ldb-1, egl-44, and egl-46 were cloned into the two-
hybrid vectors either using restriction enzymes or with Gibson Assembly (NEB).  
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 Combinations of the AD or BD vectors were co-transformed into yeast using the Frozen-
EZ II kit from Zymo Research (Irvine, CA) and using empty vectors as negative controls. 
Growth assays were performed by growing individual colonies overnight in selective media 
lacking tryptophan and leucine. Cultures were then diluted to let OD600 become 0.5, and 10 l 
of a further 1:10 diluted culture were spotted onto plates lacking histidine to test the expression 
of the HIS3 reporter. Plates were imaged after 2 days of growth. Liquid β-galactosidase assays 
were performed using the Yeast β-Galactosidase Assay Kit (Thermo Scientific, Rockford, IL). 
Electrophoretic mobility shift assay (EMSA) 
 Recombinant GST::EGL-44 proteins were produced in E. coli BL21(DE3) using the 
expression vector pGEX-6p-1 (Amersham Pharmacia Biotech, UK) and purified using affinity 
chromatography columns filled with Glutathione Sepharose 4B beads (Amersham). EGL-44 
proteins were cleaved off the column using PreScission Protease (Amersham). EGL-46 proteins 
were expressed using pET32a vector (Novagen, Madison, WI) and purified using the S-Tag rEK 
purification kit (Novagen). UNC-86 and MEC-3 were produced according to previous methods 
(Xue et al., 1993).   
Gel mobility shift assays were performed using a modified protocol previously reported 
(Xue et al., 1993). DNA probes were labeled with Biotin by Biotin 3’ End labeling kit (Pierce, 
Rockford, IL) and then annealed into double strands. Proteins were incubated with 0.005 ng 
probe at room temperature for 30 min, and the mixture was loaded onto a 10% TBE 
polyacrylamide mini gel (Bio-Rad, Hercules, CA). The gel was transferred to a 0.2 mm nylon 
membrane, which was then treated with UV light to crosslink DNA and proteins. Biotin-labeled 
DNA was detected using LightShift chemiluminescence EMSA kit (Pierce). The sequences of 
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the probes are: mec-4, 5’-
CACATGGTTCCATTACATTATAAATGTATAGAATAGTAGATTGTTTCATACTTG-3’, 
mec-7, 5’-ACTCATTATTCGAATGCCATGCATTTGTTGATGATGCGC-3’, mec-17, 5’-
TGACAAACATCTAGAAATTTATTTGAAGATGAAGC-3’, and mec-18, 5’-
CATCCGATGGGTTGGCTCCTTGTTGCACTGGTATGCATTTGTGATGCGAAACA-3’ 
smFISH, phenotypic scoring, and statistical analysis 
 Single-molecule fluorescence in situ hybridization (smFISH) was performed as described 
previously (Topalidou et al., 2011). Imaging was conducted on a Zeiss Axio Observer Z1 
inverted microscope with a CoolSNAP HQ2-FW camera (Photometrics, Tucson, AZ).  
 To examine the expression pattern of TRN markers, animals were grown at 20°C and 
examined under the microscope. The percentages of TRN cells that express the fluorescent 
reporter were recorded, and results from three independent experiments were aggregated. To test 
transgenic animals, we injected DNA constructs (5 ng/l for each expression vector) into the 
animals to establish stable lines carrying the extrachromosomal array; at least three independent 
lines were tested. In some cases, the transgene was integrated into the genome using -irradiation 
(Mello et al., 1991), and at least three integrant lines were outcrossed and examined. 
 Statistical significance was determined using the Student’s t-test for the majority of 
comparisons of two sets of data. For multiple comparisons, the Holm-Bonferroni method was 





Figure 4.1. RNAi screen identifies positive regulators of TRN fate. (A) TU4429, eri-1(mg366); 
lin-15B(n744); uIs134[mec-17p::RFP] animals treated with RNAi against unc-86 or GFP. (B) 
Percentage of animals that showed RFP or GFP expression in at least one ALM and one PLM 
(ALM+PLM+), in no ALM but at least one PLM (ALM-PLM+), and in no ALM and no PLM 
(ALM-PLM-) neurons, respectively. Strains tested for the efficiency of RNAi are TU4429, 
TU4396, nre-1(hd20) lin-15B(hd126); uIs134[mec-17p::RFP], TU3595, sid-1(pk3321) him-
5(e1490); lin-15B(n744); uIs72[mec-18::GFP], and TU4301, lin-15B(n744); uIs115[mec-
17p::RFP]. (C) The positive RNAi clones identified from the screen; p > 0.05 for all the 




Figure 4.2. ldb-1 is required for the expression of TRN fate. (A-C) The expression of TRN 
markers in wild-type and ldb-1(ok896) animals at the first larval (L1) stage. (D) The number of 
mec-3 transcripts in TRNs from wild-type and ldb-1 animals from smFISH experiments. (E) The 
loss of the expression of mec-3::GFP (abbreviated for mec-3p::mec-3::GFP::unc-54 3’UTR) 
translational fusion in ldb-1 animals. (F) The loss of ldb-1p::GFP expression in undifferentiated 
TRN neurons from mec-3 animals. Scale bars = 20 m. Arrows point to the cells expressing the 
marker, and dashed circles indicate the absence of expression (the same applies to all other 






Figure 4.3. LDB-1 but not ZAG-1 
physically interacts with MEC-3. (A) 
Domain organizations of MEC-3 protein 
and the truncate that lacks the C-
terminal transactivation domain. (B) The 
growth of yeast colonies in a two-hybrid 
assay. White and dense colonies indicate 
strong growth in the presence of adenine 
and in the absence of histidine. (C) -
galactosidase activities of yeast colonies 
in the two-hybrid assay. High -
galactosidase activities indicate high 
level of lacZ expression induced by 
strong protein-protein interactions. 
 
Figure 4.4. zag-1 is required for the expression of TRN markers independently of mec-3. (A-B) 
The expression of TRN markers in zag-1(hd16) animals at L1 stage. (C) The expression of 
fosmid-based reporter zag-1::EGFP in TRNs but not FLPs. (D) zag-1:EGFP expression in mec-




Figure 4.5. ZAG-1 promotes TRN fate by repressing egl-44 and egl-46. (A) The expression of 
TRN marker mec-17p::GFP in FLP neurons of egl-44 animals and in TRNs in zag-1 egl-44 and 
zag-1 egl-46 animals. (B) Penetrance of the expression of various reporters. (C-D) The 
expression of egl-44::GFP and egl-46::GFP reporters in FLPs but not TRNs of wild-type 
animals and in TRNs of zag-1 animals. (E) The number of egl-44 mRNA molecules in TRNs of 




Figure 4.6. EGL-44 interacts with EGL-46. (A) Growth assay for yeast two-hybrid experiments. 
(B) -galactosidase activities of yeast colonies in the two-hybrid assay. 
 
Figure 4.7. Mutual inhibition between zag-1 and egl-44 regulate TRN fate decision (next page). 
(A) The activation of TRN marker and the loss of the expression of egl-44 and egl-46 reporters 
in FLP neurons of animals carrying mec-3p::zag-1 transgene. (B) The percentage of cells 
expressing the indicated markers in various strains. (C) The expression of zag-1::EGFP in FLP 
neurons of egl-44 and egl-46 mutants, and weak expression of zag-1 reporter in animals 
misexpressing egl-44 from mec-3 promoter. (D-F) The expression of TRN marker mec-



























Figure 4.8. Misexpression of EGL-44 and EGL-46 eliminates gentle touch sensitivity. The 
percentage of touch-sensitive animals that respond at least three out of five touches. Both 
anterior and posterior sides were tested for sensitivities to gentle body touches. 
 






Figure 4.10. EGL-44/EGL-46 inhibits the expression of TRN genes by outcompeting UNC-
86/MEC-3 for the binding of the same cis-regulatory elements. (A) The alignment of UNC-
86/MEC-3 binding site with EGL-44 binding site. (B) The binding of recombinant EGL-44 
proteins to mec-4, mec-7, mec-17, and mec-18 probes in electrophoretic mobility shift assays. 
Arrows point to the band of EGL-44::DNA complexes. (C) The binding of EGL-44/EGL-46 with 
mec-4 probes in the presence or absence of UNC-86/MEC-3. (D) A model for the regulatory 
mechanisms controlling the cell fate choice between FLP and TRN fates. Red gene names 


















Dishevelled attenuates the repelling activity of Wnt signaling during 









(The following manuscript is in preparation with other authors: Margarete Diaz-Cuadros, and 
Martin Chalfie. Margarete Diaz-Cuadros performed the genetic screen that isolated dsh-1 alleles 
and also made many strains used to study the downstream effectors of Wnt signaling and 




 Wnt proteins are evolutionarily conserved guidance cues that regulate axonal outgrowth 
along the anterior-posterior axis, but the intracellular mechanisms that modulate the strength of 
Wnt signaling in axon guidance is largely unknown. Using the C. elegans mechanosensory PLM 
neurons we found that the posteriorly enriched LIN-44/Wnt acts as a repellent, instead of 
controlling neuronal polarity as previously thought, to promote anteriorly directed neurite 
outgrowth through LIN-17/Fzd receptor. Dsh protein DSH-1 and MIG-5 redundantly mediate the 
repulsive activity of the Wnt signals to induce anterior outgrowth, whereas DSH-1 also provides 
feedback inhibition to attenuate the signaling to allow posterior outgrowth against the Wnt 
gradient. This inhibitory function of DSH-1 requires the DEP domain, acts by promoting LIN-17 
phosphorylation, and is antagonized by PCP signaling component VAGN-1 and PRKL-1. Our 
results suggest that Dishevelled proteins play dual roles in both responding to Wnt signals to set 
up the general shape of a neuron and moderating the activity of the signaling to fine-tune 











Axonal navigation along the anterior-posterior (A-P) axis is often guided by the gradients 
of morphogens, including those of the Wnt family of secreted glycoproteins (Schnorrer and 
Dickson, 2004). Wnt proteins repel axons expressing the receptor tyrosine kinase Derailed/Ryk 
in both Drosophila (Yoshikawa et al., 2003) and mouse (Liu et al., 2005) or the Frizzled receptor 
(Blakely et al., 2011; Hilliard and Bargmann, 2006; Li et al., 2010; Maro et al., 2009; Pan et al., 
2006). In addition, Wnt proteins can also attract ascending commissural axon from the mouse 
spinal cord to the brain through the Frizzled receptor (Lyuksyutova et al., 2003) and act as 
attractive cues for neurite outgrowth (Song et al., 2010) and dendritic formation (Kirszenblat et 
al., 2011). Moreover, Wnt proteins can promote axon outgrowth and at the same time induce 
repulsive turning in cultured cortical neurons (Li et al., 2010). How this complex Wnt activity is 
regulated is unknown.  
Wnt signals evoke downstream activity mainly through three different intracellular 
pathways: the -catenin-dependent canonical pathway, the planar cell polarity (PCP) pathway, 
and the Wnt/calcium pathway (Gordon and Nusse, 2006; Zou, 2004). Although the canonical 
pathway (Ciani et al., 2004; Maro et al., 2009) and the Wnt/calcium pathway (Wolf et al., 2008) 
regulate axon guidance in a few instances, Wnt-mediated axon pathfinding mainly uses the PCP 
pathway, which activates the small GTPases Rho, Rac, and Cdc42, which regulate cytoskeletal 
dynamics (Schlessinger et al., 2009; Zou, 2012). Studies from mice, Drosophila, and C. elegans 
collectively suggest that the core components of PCP signaling involved in axon guidance are the 
Wnt receptor Frizzeled (Fzd, Fz), the phosphoprotein Dishevelled (Dsh, Dvl), the 
transmembrane protein Van Gogh/Strabismus (Vang/Stbm, Vangl) and its adaptor Prickle (Prkl, 
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Pk), and the atypical cadherin Flamingo/starry night (Fmi/Stan, Celsrs), although the requirement 
for each component may depend on the specific neuron type (Ackley, 2014; Zou, 2012).  
An important question is how these components interact with each other to spatially and 
temporally control the neuronal response to the Wnt signal. One particularly intriguing aspect of 
this control is the relationship between Fzd and Dsh. Normally Dsh is thought to act as a 
downstream effector of Fzd (Mrkusich et al., 2011; Rosso et al., 2005; Shimizu et al., 2011), but 
Dsh can also promote the phosphorylation of Fzd, which attenuates Fzd activity and inhibits 
downstream PCP signaling (Djiane et al., 2005; Shafer et al., 2011; Yanfeng et al., 2006). The 
physiological significance of this inhibition is unclear, but raises the question of whether Dsh 
proteins can both promote and inhibit Wnt signaling in the same cellular context. Adding to the 
complexity, mouse Dishevelled Dvl2 blocked Dvl1-induced Fzd3 phosphorylation and 
membrane accumulation, suggesting an interaction, in this case antagonism, between Dvl 
proteins (Onishi et al., 2013).   
 Here, using the morphologically well-defined PLM neurons in C. elegans we find that 
two Dsh proteins, DSH-1 and MIG-5, act redundantly downstream of Fzd receptor to mediate the 
repelling activity of Wnt signal, which guides the outgrowth of a long, anteriorly directed neurite 
away from the cue. At the same time DSH-1 also provides feedback inhibition to attenuate Fzd 
signaling.  The net effect of these two actions is that the PLM neurons can grow a posteriorly 
directed neurite against the Wnt gradients. The dual functions of DSH-1 help establish the 






LIN-44/Wnt proteins repel PLM neurites through LIN-17/Fzd receptor  
C. elegans has two pairs of embryonically-derived touch receptor neurons (TRNs), both 
with well-defined morphologies (Chalfie et al., 1981). The anterior ALM neurons are unipolar, 
having a single anteriorly-directed neurite, whereas the posterior PLM neurons are bipolar with a 
long anterior neurite that extends to the center of the animal and a short posteriorly directed 
neurite that extends to the tail (Figure 5.1A). Previous studies showed that mutations in lin-
44/Wnt, which is normally expressed from the tail epidermis, and lin-17/Fzd cause PLM neurons 
to have short anterior neurites and long posteriorly oriented neurite that reaches the tip of the tail, 
turn, and then extends anteriorly for a significant length (Hilliard and Bargmann, 2006; Figure 
5.1B; this phenotype is hitherto abbreviated to the "Wnt phenotype"). Similarly, the double 
mutation of two other Wnt genes, cwn-1 and egl-20, reversed the orientation of ALM cells, 
which now had long posterior neurites and little or no anterior neurites (Hilliard and Bargmann, 
2006; Prasad and Clark, 2006). The authors proposed that Wnt signaling helps establish the 
anterior-posterior polarity of the TRNs. Although LIN-44 and LIN-17 regulates cellular polarity 
during asymmetric cell divisions (Herman et al., 1995; Sternberg and Horvitz, 1988), the TRN 
morphological defect is the only incident where the function of Wnt and Fzd receptors was 
interpreted as controlling the polarity of terminally differentiated neurons. In the following 
paragraphs we describe results that challenge this interpretation and suggest that Wnt signaling 
plays its more expected role of providing guidance cues.  
If Wnt signals provide guidance cues for the PLM growth cone, we would expect that the 
excess or misplacement of the signal would change PLM morphology. Wnt ligands are expressed 
in a specific pattern along the anterior-posterior body axis. lin-44 is expressed mainly at the 
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posterior to the PLM cell body, whereas egl-20 is expressed exclusively at the anterior to the 
PLM cell body (Figure 5.1B; Harterink et al., 2011). We found that overexpression of lin-44 
from its own promoter led to the underextension of the PLM posterior neurites (Figure 5.1B), a 
result which supports the hypothesis that Wnt signals act as repellents to suppress posterior 
outgrowth. If LIN-44 only provides positional information for the establishment of “cellular 
polarity”, its overexpression should not change the length of PLM posterior neurites. We also 
found that misexpression of lin-44 from the egl-20 promoter elongated the posterior neurite but 
did not cause it to extend to the tail, turn, and then extend anteriorly (Figure 5.1B and C). This 
posterior “overextension” phenotype also differed from the Wnt phenotype in that the anterior 
neurite was not shortened. As a control we misexpressed lin-44 from the mom-2 promoter, which 
is expressed at a low level around the PLM cell body, and found that it did not change PLM 
morphology significantly (Figure 5.1C). These results suggested that the repelling activities of 
the misexpressed LIN-44 countered the activities of the endogenous LIN-44 to allow the growth 
of a longer than normal PLM posterior neurite. These misexpression data are consistent with a 
previous observation that ubiquitous expression of LIN-44 from a heat-shock promoter partially 
rescued the Wnt phenotype in lin-44 mutants (Hilliard and Bargmann, 2006), suggesting that the 
presence of LIN-44 posterior to PLM cell body is sufficient to induce anteriorly directed 
outgrowth and to set up the general PLM shape.    
In addition to the change of neurite outgrowth pattern in lin-44 and lin-17 mutants, one 
argument for a reversal of polarity is the mistargeting of the synaptic vesicle protein RAB-3, 
which is transported towards the anterior in the wild-type animals but localized in the posterior 
neurite in lin-44 and lin-17 mutants (Hilliard and Bargmann, 2006). We found, however, that 
GFP::RAB-3 localized primarily to the positions where PLM neurites physically contacted the 
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ventral cord. In the wild-type animals this occurred when the anterior neurite sent a distal branch 
to synapse onto the ventral cord, whereas in the mutants the GFP was distributed along the 
ventral cord where the anteriorly extending segment of the PLM posterior neurite, which made a 
“U-turn” at the tail, contacts the ventral cord (83%, n = 36; Figure 5.2A and B). GFP did 
accumulate in the tail region in the remaining 17% of PLM cells as previously reported (Hilliard 
and Bargmann, 2006), but this distribution may be due to the fact that these posterior neurites 
never made contact with the ventral cord. These results suggest that RAB-3 localization is more 
an indication of contact with the ventral cord than a neurite-specific marker. 
We have, however, found a marker that localizes to the anterior PLM neurite in both 
wild-type animals and lin-44 and lin-17 mutants. The unc-9 gene encodes an innexin, a gap 
junction protein (Liu et al., 2006).  In wild-type animals UNC-9::GFP is found in patches in the 
anterior neurite near the cell body. UNC-9::GFP is in the same position in lin-44 and lin-17 
animals even though the anterior neurite is much shorter (Figure 5.2C and D). The position of the 
label is where the PLM neurons form gap junctions with the downstream interneurons.  The 
results for RAB-3 and UNC-9, thus, cannot be used to indicate a reversal of polarity.  For this 
reason and because all other neurons affected by the loss of Wnt signals only show outgrowth 
and not polarity defects (Kirszenblat et al., 2011; Maro et al., 2009; Song et al., 2010), we feel 
that the defects in the PLM neurons are best described as alterations in outgrowth. Thus, the 
primary wild-type function of Wnt and Fzd appears to be the stimulation of anterior neurite 
outgrowth. 
Dsh proteins, DSH-1 and MIG-5, act redundantly downstream of Wnt ligand and Fzd 
receptor to repel TRN neurites 
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 Dsh proteins are key downstream signaling molecules that link Fzd receptors to all three 
Wnt signaling pathways (Gordon and Nusse, 2006). C. elegans has three Dsh paralogs, DSH-1, 
DSH-2, and MIG-5. Mutations in a single Dsh gene did not cause phenotypes similar to the loss 
of lin-44 or lin-17, but double mutations in dsh-1and mig-5 led to the Wnt phenotype in TRNs, 
resulting in very long posteriorly-directed neurites and short anterior neurites (Figure 5.1D and 
E). Because the three Dsh genes are linked to each other on the same chromosome, we used 
CRISPR/Cas9-mediated genome editing (Dickinson et al., 2013) to introduce mutations in dsh-2 
and mig-5 genes in animals carrying the dsh-1(ok1445) allele. Loss-of-function dsh-2 and mig-5 
alleles with small deletions that caused frameshifts were identified by genotyping (Figure 5.3B). 
PLM neurons in dsh-1 mig-5 animals were morphologically similar to those in lin-44 or lin-17 
mutants, and ALM neurons in dsh-1 mig-5 double mutants resembled the cells seen in cwn-1 egl-
20 double (Figure 5.1D). ALM and PLM neurons in dsh-1 dsh-2 double mutants did not have the 
Wnt phenotype (Figure 5.1E), in fact they were similar to the cells in dsh-1 animals as described 
in the next paragraph. These results suggest that Dsh proteins, DSH-1 and MIG-5, act 
redundantly downstream of the Wnt ligand and Fzd receptor to propel TRN neurites towards the 
anterior.  
Mutations in Dsh gene dsh-1 caused the shortening of the PLM posterior neurite 
 Given its role downstream of Wnt and Fzd, we were surprised that dsh-1 single mutants 
had significantly shorter PLM posterior neurites compared to the wild type (Figure 5.4A and B). 
We isolated three dsh-1 alleles (u915, u952, and u953) in a genetic screen for mutants with TRN 
morphological defects (Figure 5.3B). All three (presumably loss-of-function) alleles and the 
deletion allele ok1445 resulted in a similar shortening of the PLM posterior neurites (Figure 
5.4B). DSH-1 is expressed and functions cell autonomously in the TRNs since a dsh-1 promoter 
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reporter sIs12076 [C34F11.9a::gfp] was expressed in both ALM and PLM neurons (Figure 5.3A) 
and expression of a wild-type copy of the a isoform of dsh-1 (www.wormbase.org) from the 
TRN-specific mec-17 promoter rescued the PLM morphological defects (Figure 5.4B). These 
results suggest that DSH-1 normally promotes posteriorly directed neurite outgrowth. This 
function of DSH-1 is still dependent on Wnt signals, because dsh-1 lin-44 and dsh-1 lin-17 
double mutants showed the Wnt phenotype (Figure 5.1E). These results also show that Wnt 
proteins act as guidance molecules and the perturbation of Wnt signaling can lead to neurite 
outgrowth defects.  
Among the three Dsh genes, the effect on the growth of the PLM posterior neurite is 
specific to dsh-1; mutations in dsh-2 and mig-5 did not result in the shortening of PLM posterior 
neurite (Figure 5.4B). These results indicate that in addition to promoting the outgrowth of 
anterior neurites away from the Wnt signal, DSH-1, but not the other two Dsh paralogs, has the 
second function of promoting posterior neurite outgrowth against the Wnt gradients. This second, 
inhibitory function of DSH-1 was further confirmed by the observation that dsh-1 overexpression 
from a mec-17 promoter in wild-type animals caused the PLM neurons to look like those in lin-
44 and lin-17 mutants (Figure 5.4C). This result suggests that an excess amount of DSH-1 could 
completely shut down the activity of Wnt signaling. Consistent with the absence of this second 
function in DSH-2 and MIG-5, overexpression of dsh-2 and mig-5 had little effect on the PLM 
processes (Figure 5.4C). 
The observation that overexpression of lin-44 from its own promoter caused a similar 
shortening of the PLM posterior neurite as seen in dsh-1 mutants (Figure 5.1B) is consistent with 
DSH-1 having a negative effect on Wnt signaling. Misexpression of lin-44 from the egl-20 
promoter, i.e., at a more anterior site, partially rescued dsh-1 mutants (Figure 5.4B). These 
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results support the hypothesis that the loss of dsh-1 resulted in increased repelling activities of 
the Wnt signal, presumably through mig-5, which led to defects in posteriorly directed outgrowth. 
The length of PLM anterior neurites was not affected by either lin-44 overexpression or dsh-1 
mutations, suggesting that outgrowth towards the anterior is not sensitive to the hyperactivity of 
Wnt signaling.    
The DEP domain of DSH-1 is required for the attenuation of Wnt signaling and the growth 
of PLM posterior neurites 
DSH-1-mediated downregulation of the repulsive Wnt activities resembles the inhibition 
of Wnt5a-stimulated growth of commissural axons by Dvl1 proteins in mouse embryos (2011). 
In this system Dvl1 inhibits Wnt5a-induced PCP signaling by inducing hyperphosphorylation of 
Fzd3 (Shafer et al., 2011).  A similar downregulation was observed in Xenopus, where the Dsh-
dependent Fzd3 phosphorylation requires the DEP domain of Dsh proteins (Yanfeng et al., 2006).  
The inhibitory action of dsh-1 on Wnt signaling in the PLM neurons also requires the 
DEP domain.  The expression of DSH-1 N-terminus (DSH-1NT) that lacked the DEP domain 
failed to restore the PLM posterior neurite in dsh-1 mutants, whereas the expression of the DEP 
domain-containing C-terminus (DSH-1CT) alone was sufficient to rescue the posterior 
outgrowth defects in dsh-1 animals (Figure 5.5A and B). These results were further confirmed 
using a DSH-1 mutant that had only the DEP domain deleted (Figure 5.5A and B). Furthermore, 
the missense mutation in dsh-1(u952), which alters G512 in the DEP domain (Figure 5.3B), 
gives the same shortened PLM posterior neurites as the null alleles (data not shown). Therefore, 
the DEP domain of DSH-1 is essential for attenuating the repelling activity of Wnt signaling that 
allows the posterior neurite to grow to a normal length.  
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 Overexpression of the full-length DSH-1 protein and the DSH-1CT, both of which 
contain the DEP domain, caused the Wnt phenotype, although at a lower penetrance (Figure 
5.5C). In contrast, overexpression of DSH-1NT and DSH-1DEP had little effect (Figure 5.5C). 
These results suggest that DSH-1 provides inhibitory feedback to the Wnt signaling pathway 
through its DEP domain.  
PKC Phosphorylation sites in LIN-17/Fzd cytoplasmic tail mediate the DSH-1 functions in 
attenuating Wnt signaling 
 We next confirmed that phosphorylation of the Fzd receptor LIN-17 was required for 
DSH-1-mediated attenuation of Wnt signaling activity. Although the lin-17 gene produces 
several isoforms varying in their C-terminus, we found that the expression of the cDNA of the 
lin-17a isoform (www.wormbase.org) from a TRN-specific mec-17 promoter could fully rescue 
the morphological defects observed in lin-17 mutants (Figure 5.6D). Therefore, LIN-17a proteins 
respond to Wnt ligands cell-autonomously in the PLM neurons. 
 The cytoplasmic tail of Fz1 can be phosphorylated and then inhibited by PKC in 
Drosophila eyes (Djiane et al., 2005); and multiple phosphorylation sites were identified in 
mouse Fzd3 and Xenopus Fz3 (Shafer et al., 2011; Yanfeng et al., 2006). Using the online tools 
of the Group-based Prediction System (Xue et al., 2008), we identified four potential PKC 
phosphorylation sites (S523, T546, S551, and S555) in the C-terminal cytoplasmic region of 
LIN-17a and created LIN-17a mutants with nonphosphorylatable (5A) and phosphomimetic (5E) 
amino acids at those sites plus the adjacent T524 (Figure 5.6A). 
 Expression of either LIN-17a(5A) or LIN-17a(5E) in the TRNs rescued the PLM neurite 
Wnt phenotype in lin-17 null mutants (Figure 5.6B). However, the morphologically restored 
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PLM neurons that express the nonphosphorylatable LIN-17a(5A) had significantly shorter 
posterior neurites, whereas cells that express LIN-17a(5E) carrying the phosphomimetic 
mutations had longer posterior neurites compared to cells rescued by the wild type LIN-17a 
(Figure 5.6C and D). These results suggest that the potential PKC phosphorylation sites in the 
cytoplasmic tail of LIN-17/Fzd are important for the regulation of neurite outgrowth by Wnt 
signaling.   
 Unlike the overexpression of lin-44/Wnt, overexpression of lin-17(+) did not cause the 
premature termination of the PLM posterior neurite (Figure 5.6D). This result could occur if Wnt 
and not its receptor is limiting, as seems likely. In contrast, overexpression of the LIN-17a(5A) 
in wild-type animals did result in a short PLM posterior neurite (Figure 5.6D), possibly through 
competition with endogenous LIN-17a.   
 We also found that the expression of LIN-17a(5E), but not LIN-17a(+) or LIN-17a(5A), 
was sufficient to rescue the defects in posteriorly directed outgrowth in dsh-1 mutants (Figure 
5.6D and E). These results suggest that DSH-1 negatively regulates Wnt signaling activity by 
affecting the phosphorylation state of LIN-17. 
The canonical pathway contributes weakly to the Wnt activities in neurite guidance  
 Wnt proteins elicit cellular response through both canonical and non-canonical pathways, 
and we found both pathways are involved in mediating the repellent activities of Wnt signals in 
PLM neurons. In the canonical pathway, the binding of Wnt ligands to Fzd receptor leads to the 
disassembly of the GSK-3/Axin/APC destruction complex, which leads to the stabilization and 
nuclear translocation of β-catenin and activation of downstream genes (Logan and Nusse, 2004). 
This signaling cascade requires the C-terminal cytoplasmic Lys-Thr-X-X-X-Trp motif in Fzd 
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receptors (Umbhauer et al., 2000). We found that the expression of LIN-17a lacking amino acids 
497-502 (KTVHAW) rescued the Wnt phenotype in lin-17 mutants (Figure 5.7A), suggesting 
that the canonical pathway is not required for Wnt activities. In addition, mutations in either pry-
1/Axin, a component of the destruction complex, or any of the four β-catenin genes (bar-1, hmp-
2, wrm-1, and sys-1) did not significantly change the length of PLM posterior neurites in wild-
type animals (Figure 5.7B).  Loss of bar-1 and overexpression of LIN-17a (KTVHAW) could, 
however, partially restore the PLM posterior neurite defect in dsh-1 mutants where the strength 
of Wnt signaling was elevated (Figure 5.7B). These results suggest that the β-catenin-dependent 
canonical pathway indeed contributes to the guidance function of Wnt proteins as had been 
previously found for the anteroposterior guidance of D-type axons in C. elegans (Maro et al., 
2009). 
PCP signaling components Van Gogh, Prickle, and Flamingo antagonize the function of 
DSH-1 in promoting neurite outgrowth 
PCP signaling is the major β-catenin-independent noncanonical pathway that mediates 
cell movement and growth cone mobility in response to Wnt signals (Zou, 2012). To assess the 
role of this pathway, we tested the role of  VANG-1/Van Gogh, PRKL-1/Prickle, and FMI-
1/Flamingo, three core components of PCP signaling in axonal guidance (Zou, 2012) in PLM 
outgrowth.  Although their loss did not produced the Wnt phenotype seen in lin-44 and lin-17 
mutants (data not shown), mutations in vang-1 and prkl-1 resulted in the abnormal elongation of 
the PLM posterior neurite (Figure 5.8A). This posterior overextension phenotype, although less 
severe than the lin-44/lin-17 phenotype, suggests a weakening of the repulsive Wnt signal and a 
role, albeit weak for VANG-1 and PRKL-1 in Wnt signaling activity in the PLM neurons. This 
conclusion is supported by the observation that mutations in vang-1 and prkl-1 partially rescued 
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the dsh-1 phenotype by increasing the length of PLM posterior neurite. Mutations in fmi-1 also 
rescued the PLM posterior outgrowth defects in dsh-1 mutants, although only slightly elongating 
the posterior neurite in the wild-type background (Figure 5.8A). Thus, these three positive 
regulators of PCP signaling antagonize the DSH-1-mediated feedback inhibition. 
Expression of nonphosphorylatable LIN-17a(5A) suppressed the elongation of the PLM 
posterior neurite in vang-1 and prkl-1 mutants (Figure 5.8A).  These results suggest that both 
VANG-1 and PRKL-1 normally act to reduce LIN-17 phosphorylation, and, thus, counteract the 
increase in LIN-17 phosphorylation caused by DSH-1.  These results are consistent with a 
previous report that mouse Vangl2 promotes Wnt5a-stimulated outgrowth of commissural axons 
by suppressing Fzd3 hyperphosphorylation (Shafer et al., 2011).  
Loss of some components of the Wnt signaling pathways did not affect PLM outgrowth 
in wild-type, lin-44, or dsh-1 animals (data not shown). Specifically, neither mutations in unc-44, 
which encodes the C. elegans homolog of Diego, the only PCP core component not involved in 
axon guidance (Zou, 2012) nor mutations in lin-18, which encodes the homolog of Derailed/Ryk 
that is needed for Wnt-mediated axon repulsion in flies and mice (Liu et al., 2005; Yoshikawa et 
al., 2003), changed the length of PLM neurites. 
DAAM-1 and JNK-1 act downstream of PCP signaling  
 The PCP signaling pathway activates Rac and its downstream kinase JNK as well as the 
small GTPase Rho and its effector ROCK through the Formin family protein Daam1 (Endo and 
Rubin, 2007). We found that mutations in jnk-1, the sole homolog of JNK, resulted in the 
overextension of PLM posterior neurites but not the Wnt phenotype, and mutations in daam-1 
had much weaker effects (Figure 5.8C). Mutations in both genes significantly increased the 
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length of PLM posterior neurites in dsh-1 background (Figure 5.8C). jnk-1 daam-1 double 
mutants had slightly longer posteriorly directed neurites than jnk-1 animals (Figure 5.8B and C). 
These results suggest that both Rac/JNK and Daam1/Rho/ROCK pathways contribute to the 
repulsive Wnt effect in the PLM neurons.  
bar-1 jnk-1 daam-1 triple mutants did not show the lin-44 phenotype, although the PLM 
posterior neurites were the most extended of any of the mutant combinations (Figure 5.8C). Thus, 
both canonical and noncanonical pathways contribute to Wnt signaling in the PLM neurons.  
DSH-1-mediated attenuation of Wnt signaling generally enables posteriorly-directed 
neurite outgrowth in tail neurons 
 The tail region of C. elegans contains the cell bodies of more than a dozen of neurons in 
addition to the PLM neurons. Two pairs of these neurons, ALNL/R and PLNL/R, have a bipolar 
shape similar to the PLM neurons (Figure 5.9). We found that the neurites of ALN and PLN 
neurons were also repelled by LIN-44/Wnt signals and DSH-1 promoted posteriorly directed 
outgrowth against the Wnt gradients. In lin-44, lin-17, and dsh-1 mig-2 mutants, the extent of the 
two neurites of the ALN and PLN neurons were reversed: the anterior neurite was shorter and the 
posterior neurites grew to the end of the tail, turned, and extended anteriorly for a considerable 
length (Figure 5.9A-D). In the dsh-1 single mutants, the posterior neurites of the ALN and PLN 
neurons were significantly shorter (Figure 5.9E). These results suggest that DSH-1-mediated 
feedback inhibition may generally balance the repulsive activities of Wnt signals and enable the 






 In this study, we reinterpreted the morphological defects of PLM neurons in lin-44/Wnt 
and lin-17/Fzd mutants and found that LIN-44 acts as a guidance cue to repel neurites towards 
the anterior instead of controlling the neuronal polarity as previously considered. This 
reinterpretation points out that the activity of Wnt proteins appears to be more consistent with 
their conventional function as guidance molecules during PLM morphogenesis. We propose a 
hypothesis that the default outgrowth pattern in PLM neurons is determined by the intrinsic 
propensity to grow towards the posterior in the absence of the guidance cues. The anterior 
neurite is significantly shortened in lin-44 mutants because the amount of neurites PLM neurons 
can produce seems to be constant and the uncontrolled posterior outgrowth depleted the limited 
resource, such as membrane supply, from the anteriorly-directed neurite growth. In fact, we 
found that the bipolar shape of PLM neurons, comparing with the unipolar shape of their anterior 
counterpart ALM neurons, is kept in in vitro cultures (Zheng et al., submitted), which suggests 
an intrinsic drive that produces two neurites in PLM neurons. The Wnt signal released from the 
posterior side of the cell body likely determines the length of the two neurites by regulating 
neurite extension. The anterior neurite grows down the repulsive Wnt gradient, whereas the 
posterior neurite grows against the gradient. 
Importantly, we found that the outgrowth of both neurites requires DSH-1, which has two 
seemingly paradoxical functions in both promoting and inhibiting Wnt activity. Two Dsh 
paralogs DSH-1 and MIG-5, redundantly mediate the intracellular response to the repulsive 
activities of Wnt proteins, which directs the neurites to navigate away from the guidance cue and 
sets up the general shape of the PLM neurons with a long anteriorly-directed neurite. At the same 
time, DSH-1 acts specifically in the posterior neurite to attenuate the strength of Wnt signaling, 
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allowing the growth of the posterior neurite against the repelling gradients. The dsh-1 mig-5 
redundancy meant that dsh-1 mutants only display a loss of the inhibitory Dsh function, so that 
activity can be studied in isolation.  
 A dual role for Dsh proteins provides explanations to several previously puzzling 
observations. For example, the axons of posterior D-type motor neurons in C. elegans is repelled 
by LIN-44/Wnt, however, mutations in Dsh genes mig-5 and dsh-1 resulted in the 
underextension  phenotype, opposite to the overextension phenotype observed in lin-44 mutants 
(Maro et al., 2009). Mutations in the third Dsh gene dsh-2 did not cause any defects. Results 
from our study suggest that in this scenario MIG-5 and DSH-1 (or the three Dvl proteins) may 
act redundantly to mediate the repulsive activities of LIN-44, but both also carry the inhibitory 
functions. A dual function could explain the opposing phenotypes between Dsh and Wnt mutants. 
When Wnt proteins act as attractive cues, Dsh proteins also play both positive and negative roles 
depending on the cellular contexts.  The mushroom body axon and embryonic sensory axons in 
Drosophila requires Dsh for Wnt-stimulated outgrowth (Mrkusich et al., 2011; Shimizu et al., 
2011), whereas mammalian Dvl1 inhibits Wnt5a-stimulated growth of commissural axons 
(Shafer et al., 2011). Although our model is consistent with the regulatory function of Dvl1 in 
providing feedback inhibition of Fzd3, it is unclear whether Dvl1 also positively contribute to 
Wnt signaling. A more recent study found that Dvl2 positively promotes Wnt/PCP signaling in 
the commissural axons and antagonizes Dvl1-mediated inhibition of Fzd3 (Onishi et al., 2013), 
which suggest that the dual function of Dsh proteins could also be executed separately by distinct 
Dsh paralogs. 
 Because the shortened PLM posterior neurite in dsh-1 mutants represents a state of 
hyperactive Wnt signaling, these animals provided a sensitized background to identify genes that 
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positively contribute to the actions of Wnt proteins. We found that among the PCP core 
components vang-1, prkl-1, and fmi-1 promoted the repulsion of neurites and antagonized the 
inhibitory function of DSH-1. Although studies from mice and Drosophila collectively suggest 
that Fzd, Dsh, Vang, Prkl, and Fmi constitute a PCP signaling pathway required for Wnt-induced 
axon outgrowth and guidance (Zou, 2012). Our results suggest functional differences among 
these components. The guidance defect in vang-1, prkl-1, and fmi-1 mutants are different from 
and much less severe than that in lin-44, lin-17, and dsh-1 mig-5 mutants, suggesting that Fzd 
and Dsh play essential roles in mediating Wnt activities, whereas Vang, Prkl, and Fmi play 
modulatory roles in enhancing the signaling. This modulation of Wnt signaling works through 
counteracting DSH-1 and reducing LIN-17/Fzd phosphorylation. Consistently, a previous study 
also reported that Vangl2 in mouse commissural axons blocked the Dvl1-mediaed inhibition of 
Fzd3 (Shafer et al., 2011). Since the membrane protein Vang physically interacts with Prkl and 
recruits it to the membrane (Jenny et al., 2003), our studies further establish that the Vang/Prkl 
complex positively promotes the Wnt/PCP signaling and the axon guidance by Wnt proteins. 
Fmi is a cadherin-like protein with a seven-pass transmembrane domain and serves as co-
receptors for both Fzd and Vang (Wu and Mlodzik, 2009); our results suggest that it promotes 
the function of both in neurite guidance. . 
  Another important question about the axonal guidance function of Wnt proteins is what 
downstream effectors mediate the response to Wnt signals. Our results suggest that the 
downstream signaling pathways are most probably highly redundant. First, in a saturated screen 
searching for mutants with TRN morphological defects, including the PLM neurite reversal 
phenotype, we isolated 5 lin-44 alleles and 3 lin-17 alleles but did not find mutants of any other 
genes that showed similar phenotypes (Zheng et al., unpublished results). Second, the bar-1 jnk-
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1 daam-1 triple mutants, in which both the canonical pathway and PCP signaling pathway are 
blocked, still failed to reproduce the lin-44 phenotype, although an intermediate phenotype with 
a markedly elongated PLM posterior neurite was observed. These results suggest that a strong 
genetic redundancy and/or compensating mechanism exist downstream of the Wnt/Fzd/Dvl 
complex. One possibility is the redundancy from the Wnt/Calcium signaling, because recent 
studies suggest that calcium entry into the growth cone promotes both growth cone motility and 
turning (Sutherland et al., 2014). Moreover, the cross-interaction among the three major Wnt 
downstream pathways (Philipp et al., 2009; Pinzon-Daza et al., 2014) may give rise to cross-
compensation, which ensures a robust output of Wnt signaling. 
 Finally, given the specific expression of LIN-44 from the tail hypodermis (Herman et al., 
1995; Hilliard and Bargmann, 2006), we proposed that Dsh-mediated attenuation of the Wnt 
signaling is a common mechanism used by the posteriorly directed neurite to navigate against the 
Wnt gradients. At least six types of neurons, PLM, ALN, PLN (this study), DD6, VD12, and 
VD13 (Maro et al., 2009) require Dsh proteins to grow towards the posterior and against the 
gradient of repulsive LIN-44 concentration. Therefore, the fine-turning of the strength of Wnt 
activity by intracellular mechanisms is essential for locally shaping the posterior neuroanatomy. 
Experimental Procedures 
Strains 
 C. elegans wild type (N2) and mutant strains were maintained at 20°C as previously 
described (Brenner, 1974). Most strains were provided by the Caenorhabditis Genetics Center, 
which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). dsh-1 
alleles u915, u952, and u953 were isolated in a screen by visually searching for mutants with 
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TRN morphological defects using TU4069 strain that carries uIs134[mec-17p::RFP] transgene 
(Zheng et al., unpublished). daam-1(gk960790) is a deletion allele isolated from the Million 
Mutation Project (Thompson et al., 2013) and was outcrossed at least three times before 
characterization.   
To create dsh-1 mig-5 and dsh-1 dsh-2 double mutants, constructs that express 
CRISPR/Cas9 with sgRNAs targeting 5’-GAGAAGGAGTAGCGACGCTTGG-3’ in exon 2 of 
mig-5 and 5’-GATGTTTCTAACATTTATGTGG-3’ in exon 1 of dsh-2, respectively, were 
injected into dsh-1(u915) mutants using a previously described method (Dickinson et al., 2013); 
the resulted mutations were identified by genotyping (Figure 5.3).  
Constructs and transgenes 
 Most of the constructs were made using the Gateway cloning system (Life Technologies, 
Grand Island, NY). A 1.9 kb mec-17 promoter was used to drive TRN-specific expression; and a 
2.2 kb egl-20 promoter and a 2.1 kb mom-2 promoter was used to misexpress lin-44. These 
promoters were cloned into pDONR P4-P1r vectors. lin-44 genomic DNA and cDNAs of dsh-1a 
and lin-17a were cloned into Gateway pDONR221. un-54 3’UTR and the destination vector 
pDEST-R4-R3 were used to generate the final expression vector. Q5 Site-Directed Mutagenesis 
Kit (New England Biolabs, Ipswich, MA) was used to create constructs that express dsh-1a and 
lin-17a mutants.  
 Transgenes uIs31[mec-17p::GFP] III, uIs115[mec-17p::RFP] IV, and uIs134[mec-
17p::RFP] V were used to visualize TRN morphology. Transgene uIs129[lad-2p::GFP], which 
is generated by integrated otEx331 into the genome, was used to visualize the morphology of 
ALN and PLN neurons. Transgenes jsIs821[Pmec-7::GFP::rab-3] and uIs178[mec-17p::unc-
194 
 
9::GFP; mec-17p::RFP] were used to label presynaptic membrane and gap junctions, 
respectively.  
Phenotype scoring and Statistical analysis 
The relative length PLM posteriorly directed neurite was calculated by measuring the 
length of the process and dividing the length by the diameter of PLM cell body along the A-P 
axis. At least 30 gravid adults were measured. To test transgenic animals, DNA constructs were 
injected at a concentration of 5 ng/l (unless otherwise indicated) into the animals to establish 
stable lines carrying the extrachromosomal array. At least three independent lines were tested. 
For statistical analysis, ANOVA (analysis of variance) and a post-Hoc Tukey–Kramer method 
was used to identify significant difference between the sample means in multiple comparisons. 
Single and double asterisks indicated p < 0.05 and p < 0.01, respectively. 
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Figure 5.1. LIN-44/Wnt repels TRN neurites towards the anterior through Fzd receptor LIN-17 
and Dsh proteins, DSH-1 and MIG-5. (A) TRN morphologies visualized by RFP expression 
from the mec-17 promoter. (B) PLM morphologies in wild-type, lin-44(n1792), and lin-17(n671) 
animals, as well as animals carrying transgenes expressing lin-44(+) and egl-20p::lin-44(+). 
Scale bar = 20 m. The right panel shows a scheme of normal Wnt expression patterns adopted 
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from (Harterink et al., 2011), and the diagrams of PLM shapes in three different phenotypes: 
Wnt phenotype, posterior underextension, and posterior overextension. (C) The length of PLM 
posterior neurite in various animals. (D) TRN morphology in dsh-1(u915) mig-5(u1030) double 
mutants. Arrows point to ALM and PLM neurons that showed the Wnt phenotype; triangles 
point to the posteriorly directed neurites of the TRNs with morphological defects. (E) The 
penetrance of Wnt phenotypes in various mutants. 
 
Figure 5.2. Localization of synaptic proteins in lin-44 and lin-17 mutants. (A) Presynaptic maker 
GFP::RAB-3 (arrows) is expressed from the TRN-specific mec-7 promoter and is normally 
localized in positions close to the vulva where the PLM anterior neurite sends a branch to contact 
the ventral cord. (B) In lin-44(n1792) mutants, GFP::RAB-3 (arrows) is localized in the 
anteriorly running portion of the PLM posterior neurite at positions where the neurite contacts 
the ventral cord. (C-D) The gap junction marker UNC-9::GFP (arrows) is localized in the PLM 
anterior neurite close to the cell body at positions where the neurite contacts the PVC interneuron 
in both wild-type and lin-44 mutant animals. (E) A diagram showing the position of the synaptic 
markers. Similar phenotypes were also observed in lin -17 mutants (78%; n = 40 for mec-




Figure 5.3. The expression of dsh-1 in TRNs and the molecular lesions in the alleles of the Dsh 
genes. (A) The expression of dsh-1 reporter sIs12076 [C34F11.9a::gfp] in both ALM and PLM 
neurons (arrows), which are labeled by mec-17p::RFP. Scale bar = 20 m. (B) Gene structures 
of the three Dsh paralogs, dsh-1, dsh-2, and mig-5, and the mutant alleles used in this study. 
Alleles u915, u952, and u953 were isolated from our forward genetic screen; u1029 and u1030 







Figure 5.4. DSH-1 promotes posteriorly directed neurite outgrowth by attenuating Wnt signals. 
(A) PLM posterior neurites in wild-type and dsh-1 animals. (B) The length of PLM posterior 
neurites in various mutants and transgenic animals. (C) The percentage of PLM neurons showing 
the Wnt phenotype in animals overexpressing Dsh proteins from mec-17 promoter. Constructs 
were injected at the concentration of 15ng/l.
 
Figure 5.5. The DEP domain of DSH-1 mediates its inhibitory function. (A) The schemes 
representing the domain organization of DSH-1 protein and its variants. (B) The length of PLM 
posterior neurite in dsh-1 animals expressing various transgenes. Constructs were injected at the 
concentration of 3ng/l. (C) Penetrance of the Wnt phenotype in PLM neurons from animals 
overexpressing DSH-1 variants from mec-17 promoter. Constructs were injected at the 




Figure 5.6. Phosphorylation sites in the cytoplasmic tail of LIN-17 are needed for DSH-1-
mediated inhibition of Wnt signaling. (A) The sequence of the C-terminal cytoplasmic region of 
LIN-17a proteins. Predicted PKC phosphorylation sites are labeled in red. Five serine/threonine 
sites were mutated to alanine in LIN-17a(5A) and to glutamic acid in LIN-17a(5E) mutants. (B) 
Percentage of the Wnt phenotype in PLM neurons of lin-17 animals expressing wild-type or 
mutant LIN-17a proteins in TRNs. (C-E) PLM posterior neurites in wild-type, lin-17, and dsh-1 








Figure 5.7. The canonical pathway contributes weakly to the activity of Wnt signaling. (A) The 
penetrance of the PLM Wnt phenotype in lin-17 animals expressing LIN-17a that lacks the 







Figure 5.8. The PCP signaling pathway is downstream of the Wnt activities in neurite guidance. 









Figure 5.9. DSH-1 promotes posteriorly directed neurite outgrowth in ALN and PLN neurons. 
(A-B) The morphologies of ALN and PLN neurons, which are labeled by GFP expressed from 
the lad-2 promoter, in the wild-type, lin-44, and dsh-1 mutant animals. In lin-44 animals, the 
posterior neurite is overextended towards the tail, turns, and runs anteriorly for a significant 
length. This phenotype was termed as the “Wnt phenotype” for ALN and PLN neurons. The 
posterior neurites of these neurons were shortened in dsh-1 animals. (C) The penetrance of Wnt 
phenotype in various mutants. (D) The expression of lad-2p::GFP was not observed in ALN 
neurons of the lin-17 mutants, instead extra cells expressing the TRN marker mec-17p::RFP 
were observed at the tail region. Therefore, ALN neurons may adopt the fate of their sister cells, 
PLM neurons. Similar lineage transformation was observed in lin-17 mutants before (Sternberg 












Guanine nucleotide exchange factors and Rac GTPases regulate the 












(The following manuscript is in preparation with other authors: Margarete Diaz-Cuadros, and 
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 Although previous studies have identified many extracellular guidance molecules and 
intracellular signaling proteins that regulate axonal guidance and outgrowth, most of the works 
were conducted in the context of unidirectional neurite outgrowth, in which the guidance cue 
either attracts or repels the growth cone towards or away from certain direction. Very few studies 
addressed the directional specificity of intracellular signaling molecules in a scenario of 
bidirectional outgrowth. Here, using the bipolar, mechanosensory PLM neurons in C. elegans, 
we found that guanine nucleotide exchange factors (GEFs) UNC-73/Trio and TIAM-1 promote 
neurite extension towards the anterior and posterior, respectively. The Rac subfamily GTPases 
act downstream of the GEFs; CED-10/Rac1 is activated by TIAM-1, whereas CED-10 and MIG-
2/RhoG act redundantly downstream of UNC-73. Moreover, the two pathways promoting 
outgrowth towards the opposing directions suppress each other by competing for limited neurite 
growth capacity and therefore regulate the directional bias of neuritogenesis. Thus, our study 
suggests that intracellular signaling pathways confer directional specificity on neurite extension 













During neuronal development, axons and dendrites emerge from cell bodies after the 
initiation and outgrowth stages and are then guided by environmental cues to navigate towards 
the target regions. Three types of molecules are involved in the regulation of neurite extension: 1) 
the extracellular guidance molecules and their receptors, 2) the intracellular signaling molecules 
that coordinate directional neurite growth towards or away from the cues, and 3) the effectors 
that are directly involved in cytoskeleton rearrangement and growth cone movement. Previous 
studies about axonal guidance have been focused on identifying type 1 (e.g. UNC-6/Netrin, Slit, 
and Wnt proteins; Ishii et al., 1992; Kidd et al., 1999; Lyuksyutova et al., 2003) and type 3 
molecules (e.g. F-actin regulators, microtubule regulators, and various motor proteins; reviewed 
in Dent et al., 2011), whereas how the binding of the guidance molecule to its receptor leads to 
directional axonal outgrowth is not clear. Moreover, signaling cascades initiated by various 
ligand-bound receptors converge on the remodeling of actin and microtubule cytoskeleton 
through similar second messengers (i.e. kinases, phosphatases, GTPases; Bouquet and Nothias, 
2007; Dent et al., 2011). Whether distinct intracellular pathways mediate neurite outgrowth in 
different directions remains unclear.   
Small GTPases and guanine nucleotide exchange factors (GEFs) that activate those 
GTPases play important roles in regulating axon outgrowth and guidance (Hall and Lalli, 2010). 
Rac, Cdc42, and Rho are the three major subfamilies of the Rho GTPases, and the Rac subfamily 
contains Rac1, Rac2, Rac3, and RhoG. Studies using in vitro cultured neurons suggest that small 
Rac (activated by the GEFs DOCK7 and Tiam1) and Cdc42 induce polarization of neurons and 
specification of axons during the initiation stage (Nishimura et al., 2005; Oinuma et al., 2007; 
Watabe-Uchida et al., 2006), and Rac (activated by the GEFs Tiam1 and Dock180), RhoG 
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(activated by the first GEF domain of Trio), and Cdc42 promote axon growth through effectors 
that regulating actin and microtubule cytoskeleton during the extension stage (Estrach et al., 
2002; Leeuwen et al., 1997). In contrast, Rho and its downstream effector ROCK negatively 
regulate both neuritogenesis and axon outgrowth in cultured neurons (Da Silva et al., 2003; 
Govek et al., 2005). In vivo studies support that the Rac family GTPases Rac1, Rac2, and RhoG 
have overlapping functions in the control of axon growth and guidance, and the GEF Trio is 
essential for Rac activities in the nervous system (Hakeda-Suzuki et al., 2002; Lundquist, 2003; 
Ng et al., 2002). Cdc42 promotes axon formation (Garvalov et al., 2007), whereas RhoA inhibits 
neurite outgrowth (Zallen et al., 2000). 
Although various GEFs and small GTPases are involved in mediating the activities of 
repulsive or attractive cues in regulating axon growth and guidance (Hall and Lalli, 2010), most 
of those studies were performed in the context of unidirectional neurite outgrowth. There are 
very few studies addressing the directional specificity of those signaling molecules in a scenario 
of bidirectional outgrowth. Moreover, the interaction between the intracellular pathways that 
drive neurite outgrowth in different directions is largely unknown. Here, we use a pair of bipolar 
mechanosensory neurons in C. elegans to investigate these questions.  
The touch receptor neurons (TRNs) are a set of six mechanosensory neurons with well-
defined morphologies in C. elegans (Chalfie and Sulston, 1981); and they have been used 
extensively to study axon guidance, outgrowth, degeneration, and regeneration (Du and Chalfie, 
2001; Hamelin et al., 1993; Wu et al., 2007). Among the six TRNs the embryonically derived, 
bilaterally symmetric ALML/R and PLML/R are located at the anterior and posterior halves of 
the animal, respectively. ALM neurons have only one anteriorly directed neurite, whereas PLM 
neurons are bipolar, having one anteriorly-directed and one posteriorly-directed neurites (Chalfie 
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and Sulston, 1981). The postembryonic AVM and PVM neurons are unipolar, and their axons 
first extend ventrally and then anteriorly along the ventral nerve cord.  
Using this system we performed a saturated genetic screen to search for mutants that have 
TRN morphological defects, particularly specific defects in anteriorly and posteriorly directed 
neurite extension in the bipolar PLM neurons. In this paper, we will focus on the identification of 
two type 2 regulators, GEF proteins UNC-73/Trio and TIAM-1, which promote neuronal 
outgrowth towards the anterior and the posterior, respectively. Rac subfamily GTPases CED-
10/Rac1 is activated by TIAM-1, whereas CED-10 and MIG-2/RhoG act redundantly 
downstream of UNC-73. Moreover, the two pathways promoting outgrowth towards the 
opposing directions regulate the directional bias of the neurite morphogenesis by competing with 
each other. Thus, our study suggests that intracellular signaling pathways confer directional 
specificity on neurite extension through the activation of distinct GEFs and Rac GTPases. 
Results 
A genetic screen for TRN neurite defects 
             To identify genes needed for the differentiation of touch receptor neurons, we 
mutagenized a strain (TU4069) carrying the uIs134 transgene, which allows RFP expression 
from the TRN-specific mec-17 promoter, and screened the progeny of individual F1 animals 
representing 20,200 haploid genomes. We focused on isolating mutants whose TRNs have 
morphological defects, particularly defects in neurite outgrowth, but we also obtained mutants 
with abnormal numbers of fluorescently-labeled cells. This screen yielded 79 mutants, 61 of 
which we identified the phenotype-causing mutations by whole genome resequencing or 
complementation tests with mutants of candidate genes. These mutants represent 26 genes in ten 
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phenotypical categories (Table 6.1). The anteriorly and posteriorly directed neurites were 
referred as AN and PN, respectively, following the name of the neuron and a hyphen. Nine of the 
genes (labeled in red in Table 6.1) had not previously been found to affect TRN development or 
morphogenesis. The screen likely reached saturation because 1) we obtained multiple alleles for 
11 genes (42%); 2) the frequencies of the number of alleles for a given gene in one category (e.g. 
category 9) roughly fit a Poisson distribution. 
 Our screen identified all three types of genes involved in neurite outgrowth. lin-44/Wnt 
and lin-17/Fzd are genes encoding type 1 guidance molecules and receptors, and in the mutants 
PLM neurites failed to navigate towards the anterior (category 4; Hilliard and Bargmann, 2006). 
Tubulin genes mec-7, mec-12, and tba-7 and the kinesin gene klp-11 code for type 3 molecules. 
Loss-of-function mutations in tba-7 and gain-of-function mutations in mec-7 and mec-12 caused 
various outgrowth defects (categories 5, 8, and 9), and the functions of tubulins in TRN 
morphogenesis will be discussed elsewhere.  
 The cell-nonautonomous effects of the three genes, unc-23, mua-3, and sup-26 will also 
be discussed elsewhere, since this study focuses on the intracellular mechanisms of outgrowth 
control. unc-23 (category 7) and mua-3 (category 9) are only expressed in the muscle cells 
(Bercher et al., 2001; Papsdorf et al., 2014), and the defects in their mutants could not rescued by 
TRN-specific expression of the wild-type gene. Similarly, sup-26 (category 9), which encodes a 
RNA-binding protein, does not function in the TRN cells either.  
This screen also identified several type 2 intracellular signaling molecules that regulate 
neurite outgrowth and guidance. unc-51 encodes a serine/threonine-protein kinase homologous 
to ULK2, and its mutation caused general guidance defects (category 5; Du and Chalfie, 2001). 
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mec-15 encodes a F-box protein with WD repeats and is predicted to mediate ubiquitination and 
protein degradation (category 10; Bounoutas et al., 2009); mec-15 mutation caused shortening of 
both PLM-AN and PLM-PN. Category 6, 7, and 9 contain genes that regulate the directional 
neurite outgrowth along the anterior-posterior axis.  
Our previous studies already reported that dsh-1 (category 9), which encodes a 
Dishevelled protein, attenuates Wnt signaling activities to allow posterior outgrowth against the 
Wnt gradients (Zheng, et al. submitted) and that egl-5 (category 9), which encodes a Abd-B-like 
Hox protein, promotes PLM differentiation by inducing the growth of PLM-PN (Zheng, et al. 
submitted). Therefore, we will mainly discuss the role of unc-73, unc-53, and klp-11 in the 
proper outgrowth of the anterior TRN neurites and the function of tiam-1 in the outgrowth of 
PLM-PN. 
UNC-73/Trio GEF promotes anteriorly directed neurite outgrowth 
 Previous studies (Du and Chalfie, 2001; Hekimi and Kershaw, 1993) found that unc-
73/Trio and unc-53/NAV2 regulate axonal guidance in the TRNs. In our screen we isolated one 
unc-73 allele and nine unc-53 alleles and found that mutations in both genes resulted in specific 
defects in the outgrowth of the anteriorly directed neurite. Homologous to mammalian Triple 
functional domain protein (TRIO), unc-73 encodes multiple isoforms of a guanine nucleotide 
exchange factor (GEF), containing either a RacGEF domain or a RhoGEF domain or both. 
Among the characterized isoforms UNC-73B, which contains only the RacGEF domain, 
specifically activates Rac pathways and affect axonal guidance, cell migration, muscle arm 
extension, and phagocytosis (Alexander et al., 2009a; deBakker et al., 2004; Lundquist, 2003; 
Watari-Goshima et al., 2007). In contrast UNC-73E, which contains only the RhoGEF domain, 
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activates Rho GTPases and regulates both cell migration and locomotion (Hu et al., 2011; 
Spencer et al., 2001). We found that mutations u908, e936, and rh40, which alter UNC-73B, 
resulted in a shortened anteriorly-directed neurite: the PLM-AN often stopped before reaching 
the PVM cell body and the ALM-AN did not extend past the first pharyngeal bulb (Figure 6.1). 
AVM-AN and PVM-AN are also shortened. unc-73 is expressed in the TRNs (Steven et al., 
1998), and the morphological defects in the mutants could be rescued by specifically expressing 
the unc-73B(+) from the TRN-specific mec-17 promoter (Figure 6.1B and 6.2). Mutations ce362 
and ev802, which alter unc-73E did not cause similar defects. Together these results indicate that 
the Rac-specific GEF domain of UNC-73 promotes outgrowth towards the anterior in a cell 
autonomous manner.   
 UNC-73 regulates the outgrowth of the excretory cell through UNC-53/NAV2 and the 
kinesin-like motor VAB-8 (Marcus-Gueret et al., 2012). We found that mutations in unc-53, 
which encodes a cytoskeletal binding protein related to the mammalian neuronal navigators 
(NAVs), also resulted in a significant shortening of the TRN anterior processes (Figure 6.1B). 
UNC-53 physically interacts with the SH2–SH3 adapter protein SEM-5/GRB2 to regulate sex 
myoblast migration (Chen et al., 1997) and acts in the same pathway with MIG-
10/RIAM/Lamellipodin and SH3 domain containing ABI-1/Abelson-interactor protein-1 to 
regulate cell migration and process outgrowth (McShea et al., 2013). Mutations of sem-5, but not 
mig-10 and abi-1, produced shortened anterior neurites. vab-8 mutants, however, did not show 
this phenotype, but another kinesin-like motor KLP-11 from the screen did.  Both the newly 
isolated klp-11 nonsense allele u1024 and the knockout allele tm324 caused the shortening of the 
ALM-AN and PLM-AN. Mutations in the kinesin adaptor UNC-76/FEZ1 (fasciculation and 
elongation protein zeta-1) also caused the same defects (Figure 6.1B). Therefore, a genetic 
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pathway containing the GEF UNC-73, the scaffolding protein UNC-53 and its adaptor SEM-5, 
and the kinesin motor protein KLP-11 and its adaptor UNC-76 regulates neurite outgrowth 
towards the anterior. This control, however, is not over general neurite outgrowth, since none of 
the mutations in these genes affected the growth of the PLM-PN. 
TIAM-1 GEF promotes posteriorly directed neurite outgrowth 
  The outgrowth of the PLM posterior neurite is controlled by TIAM-1, another GEF 
protein that is homologous to mammalian T-cell lymphoma Invasion And Metastasis 1. We 
isolated five tiam-1 alleles from the screen (four of them carried nonsense mutations; Table 6.1) 
and found that null mutations in tiam-1 caused significant shortening of the PLM-PN and 
overextension of the PLM-AN (Figure 6.3A-C). These defects were rescued by expressing tiam-
1(+) cDNA from the TRN-specific mec-17 promoter. Although the tiam-1 promoter reporter was 
expressed in both ALM and PLM neurons (Figure 6.3D), we did not observe any morphological 
defects in tiam-1-deficient ALM neurons. However, overexpression of tiam-1 in the TRNs 
caused the elongation of the PLM-PN and premature termination of the ALM-AN and PLM-AN 
in a dose-dependent manner (Figure 6.4). These results suggest that TIAM-1 acts cell-
autonomously to promote posteriorly directed neurite outgrowth and suppresses anteriorly 
directed outgrowth.  
CED-10/Rac1 promotes posterior neurite outgrowth downstream of TIAM-1    
 Functionally, both UNC-73 and TIAM-1 activate Rac subfamily GTPases by stimulating 
the exchange of GDP for GTP; in in vitro nucleotide exchange assays, UNC-73B activates CED-
10/Rac1 and MIG-2/RhoG (Kubiseski et al., 2003), and TIAM-1 specifically activates CED-
10/Rac1 (Demarco et al., 2012). C. elegans Rac subfamily has four members, ced-10/Rac1, rac-
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2, rac-3, and mig-2/RhoG; rac-3 is a direct replication of rac-2. Mutations in ced-10/Rac1 
caused a significant reduction in the length of PLM-PN (Figure 6.5A). The phenotype became 
more severe when we expressed interfering hairpin RNAs targeting the third and fourth exons of 
rac-2 from a TRN-specific promoter. Because of high sequence similarity, this RNAi approach 
(Lundquist et al., 2001) would also affect the expression of rac-3 but not other Rac family 
members. Therefore, TIAM-1 and CED-10/Rac1 were needed for the production of the PLM 
posterior process. Mutations in another Rac gene mig-2 or Cdc-42 genes (cdc-42, chw-1, and 
crp-1) did not alter PLM morphology (Figure 6.5A). 
 We next tested whether elevating Rac1 activity could change TRN morphology by 
expressing alleles of Rac genes [ced-10(G12V), rac-2(G12V), and mig-2(G16V)] that resulted in 
constitutively active proteins (Lundquist et al., 2001) in the TRNs. As in a previous study of 
Rac1 function in the PDE neurons (Struckhoff and Lundquist, 2003), constitutively active CED-
10 [CED-10(G12V)] induced the production of many lamellipodia-like protrusions from the 
plasma membrane, multiple short ectopic neurites from the cell body, and abnormal branches 
from the main TRN processes (Figure 6.5B and E). Nevertheless, the most common (85%, n = 
65) and dramatic phenotype of CED-10(G12V) expression was the production of a long ectopic 
ALM posterior neurite (Figure 6.5B and C). The ability of CED-10(G12V) to promote the 
generation of ALM-PN did not depend on the presence of tiam-1. In PLM neurons, hyperactivate 
mutations in ced-10 restored the PLM-PN in tiam-1 mutants. These results suggest that CED-10 
acts downstream of tiam-1 to promote the outgrowth of the posterior neurite. Importantly, 
overexpression of wild type ced-10(+) did not cause a similar phenotype, indicating that the 
activity and not the level of CED-10 protein is crucial for posterior outgrowth. Constitutively 
active RAC-2 had a similar but weaker effect (Figure 6.5), confirming that CED-10 is the major 
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Rac GTPase regulating TRN neurite extension. Constitutively active MIG-2/RhoG, however, 
produced very little change in the TRN morphology. 
 Constitutively active CED-10 also led to the shortening of both ALM-AN and PLM-AN 
(Figure 6.5B, right panel). This result supports a model that the promotion of posteriorly directed 
neurite outgrowth by TIAM-1 and Rac1 results in the inhibition of anterior outgrowth. Neurite 
extension in different directions may compete for limited resources (e.g. membrane supply, 
organelles, polarized proteins, and Calcium), which constrain the total amount of neurites a cell 
can produce (Goldberg, 2003; Goslin and Banker, 1990; Takano et al., 2012). Therefore, 
uncontrolled growth of one neurite would deplete the resource normally allocated for the growth 
of another neurite.  
This Rac1-mediated regulation of neurite morphology appeared to be intrinsic, since the 
morphology of TRNs cultured in vitro was also controlled by Rac1 activity. First, wild-type 
ALM and PLM neurons were morphologically distinct in culture: 78% of the ALM neurons 
(cells labeled with mec-17p::RFP but not egl-5::GFP) had only one prominent neurite, whereas 
76% of the PLM neurons (cell that were doubly labeled) had two neurites (Figure 6.6A; egl-5 
encodes an Abd-B-like Hox gene and is expressed in PLM but not the ALM neurons; Zheng et al. 
submitted). When CED-10(G12V) was expressed in the TRNs, both ALM and PLM grew more 
than 2 neurites (Figure 6.6B and C); increased CED-10 activity but not expression level resulted 
in the transformation of cell shapes and the ectopic growth of multiple neurites.  
CED-10/Rac1 and MIG-2/RhoG redundantly regulate anteriorly directed outgrowth  
  ced-10 and mig-2 act redundantly downstream of unc-73 in the regulation of cell division 
and migration (Kishore and Sundaram, 2002). Although neither mig-2 nor ced-10 single mutants 
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had anterior outgrowth defects, we found that ced-10 mig-2 double mutants had shorter TRN 
anterior neurites, most obviously in the PLM and AVM neurons (Figure 6.7A). These 
morphological defects could be rescued by expressing ced-10(+) or mig-2(+), suggesting that 
CED-10/Rac1 and MIG-2/RhoG redundantly promote anteriorly directed neurite outgrowth. 
 Unexpectedly, we found that mutations in mig-2 suppressed the PLM posterior outgrowth 
defects in ced-10 mutants (Figure 6.7B). PLM-PN in mig-2 ced-10 double mutants was 
significantly longer than that in ced-10 single mutants and was similar to the wild type. These 
results suggest that the suppression of anteriorly directed neurite outgrowth in mig-2 ced-10 
double could simultaneously promote outgrowth towards the posterior. 
Competition between the anteriorly and posteriorly directed neurite outgrowths    
 The bipolar PLM neurons offered a model to study the interaction between the genetic 
pathways that control anteriorly and posteriorly directed neurite outgrowth. Our results suggest 
that the two pathways compete with each other for limited outgrowth capacity. Mutations in 
tiam-1/GEF and ced-10/Rac1 caused significant shortening of the PLM-PN and overextension of 
the PLM-AN (Figure 6.3 and 6.7). Similar simultaneous defects on the two neurites were also 
observed in egl-5 and rfip-1 mutants (rfip-1 encodes a recycling endosome-associated protein; 
Zheng et al., submitted). Therefore, suppression of the posterior outgrowth appeared to allow 
overgrowth towards the anterior in general. On the other hand, unc-73 and unc-53 mutants had 
not only shortened PLM-AN but also elongated PLM-PN (Figure 6.7B), suggesting that 
suppression of anterior outgrowth also led to overextension towards the posterior. These data 
support a competition model in which the intrinsic forces promoting outgrowth towards anterior 
and posterior regulate the directional bias of neurite extension.   
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We next examined the epistasis of the two GEF genes, unc-73 and tiam-1, in controlling 
the direction of neurite outgrowth. Because the two genes are closely linked, we used a 
CRISPR/Cas9-based genome editing method (Dickinson et al., 2013) to create mutations in unc-
73 in animals carrying the tiam-1(u914) allele. Guide RNAs were designed to target both unc-
73B and unc-73E, and null mutations in each of the two isoforms were isolated (Figure 6.2).  The 
u1007 and u1031 alleles (frameshift-causing deletions in unc-73B) were epistatic to tiam-1 
mutants; the unc-73 tiam-1 double mutants had shortened TRN anterior neurites similar to unc-
73 single, but the posterior outgrowth defects in tiam-1 single was rescued in the double (Figure 
6.7A-C). Similarly, unc-53 was also epistatic to tiam-1 (Figure 6.7A and B). As controls, u1032 
and u1033 alleles that carried mutations in unc-73E had no effects on the tiam-1 phenotype, 
which is consistent with the finding that the E isoform is not required for neurite outgrowth 
(Figure 6.7A and B). These results confirmed that the UNC-73/UNC-53 pathway simultaneously 
promotes anterior outgrowth and inhibits posterior outgrowth.  
PLM-PN regains the ability to grow in unc-73 tiam-1 and unc-53 tiam-1 animals because 
the PLM-AN was shortened and the resource reserved for anterior outgrowth was released to 
allow posterior outgrowth. Mutations in tiam-1 did not suppress unc-73 and unc-53 phenotypes, 
probably because PLM neurons have a default bipolar shape with two prominent neurites in the 
absence of both GEFs. UNC-73 and TIAM-1 compete with each other for limited neurite supply 
and therefore bias neurite extension towards the anterior and posterior, respectively. 
The phenotype seen in unc-73 tiam-1 double mutants was similar to that of mig-2 ced-10 
double mutants. This result is consistent with the model that CED-10 acts downstream of TIAM-
1, and UNC-73 activates both MIG-2 and CED-10. If CED-10 is a common substrate of both 
GEFs, a dominant-negative CED-10/Rac1(T17N) mutant that sequesters its upstream GEFs from 
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accessing the substrates (Feig, 1999) should inactivate both UNC-73 and TIAM-1. Indeed, we 
found that the expression of ced-10(T17N) phenocopied the unc-73 tiam-1 double mutants 
(Figure 6.7A), confirming that CED-10 contribute to outgrowth toward both directions, although 
its activities at the posterior is essential, whereas its activities at the anterior is redundant.   
UNC-73 and TIAM-1 also control the direction of neurite outgrowth in other neurons 
 The factors needed for the outgrowth of the PLM neurons also act in other bipolar 
neurons. ALNL/R and PLNL/R neurons are two pairs of bilaterally symmetrical neurons located 
at the tail region; all of the four neurons have two processes growing towards the anterior to 
reach the nerve ring and towards the posterior until the tip of the tail, respectively. We used 
uIs129[lad-2p::GFP] to label ALN and PLN neurons and found that the anterior processes of 
both neurons were prematurely terminated in unc-73 mutants (Figure 6.8A and B). Over 60% of 
the anterior neurites did not extend beyond the SDQL cell body; the unipolar SDQL neurons also 
had anteriorly directed neurites significantly shortened in unc-73 mutants (Figure 6.8B). Similar 
to the findings in TRNs, only mutations in unc-73B but not unc-73E isoform caused the 
outgrowth defects. Posteriorly directed neurite outgrowth of ALN and PLN neurons was strongly 
suppressed in tiam-1 mutants. These results suggest that UNC-73 and TIAM-1 may in general 
control the direction of axonal outgrowth along the A-P axis.  
 unc-73 is also epistatic to tiam-1 in ALN and PLN neurons. unc-73 tiam-1 double 
mutants showed similar defects in anteriorly directed process outgrowth as did the unc-73 single; 
and mutations in unc-73 partially restored the posterior processes of ALN and PLN neurons in 
tiam-1 mutants (Figure 6.8). 
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 The activity of TIAM-1 is not restricted to the posteriorly directed outgrowth of the tail 
bipolar neurons. We found that the posterior neurites of BDU neurons, which are located at the 
anterior half of the animal, were also markedly shortened in tiam-1 mutants (Figure 6.9). 
Consistent with the directional specificity, the length of BDU anterior neurites is not changed in 
tiam-1 animals. Mutations in unc-73 did not affect the growth of BDU-AN and failed to restore 
the BDU-PN in tiam-1 mutants, suggesting that UNC-73 does not function in BDU and other 
GEF proteins may promote BDU anterior outgrowth. Overall, these data suggest that GEF-
mediated directional neurite outgrowths may be a general regulatory mechanism for the 
morphogenesis of bipolar neurons. 
Discussion   
The well-defined morphology of the six touch receptor neurons (TRNs) provides a simple 
model to study the genetic basis of neuronal outgrowth and axonal guidance. Using these cells, 
especially the bipolar PLM neurons, we found that distinct GEFs and intracellular pathways 
involving Rac GTPases control neurite outgrowth in different directions (Figure 6.10). An 
unexpected finding of this research is that factors affecting anterior and posterior outgrowth exert 
mutual inhibition on each other. A competition model derived from the results suggests that 
GEF-mediated intrinsic signaling pathways compete for a limited growth capacity and therefore 
regulate the directional bias of neurite extension.  
Longitudinal outgrowth of axons along the A-P axis is often guided by extracellular cues, 
such as Wnt, which activate Rac and Rho GTPases to promote cytoskeleton remodeling; this 
activation causes neurite to move toward or away from the Wnt signal (Zou, 2004). Wnt signals 
appear to function as repellents to guide the TRN neurites. Wnt protein EGL-20 repels the axons 
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of ALM, AVM, and PVM towards the anterior (Pan et al., 2006). Our recent data (Zheng et al., 
submitted) suggest that LIN-44/Wnt released at the posterior side of the PLM cell body is 
responsible for repelling PLM neurites towards the anterior. In this study, we found that Wnt-
guided anteriorly directed outgrowth is mediated by the RacGEF domain of UNC-73/Trio and 
two redundant Rac GTPases, CED-10/Rac1 and MIG-2/RhoG.  Although Rac1 is known to act 
downstream of Wnt signaling pathway (Schlessinger et al., 2009), these data provide a novel link 
between Wnt signaling and the control of Trio and RhoG. Our results also identified a genetic 
pathway that include scaffolding proteins UNC-53/NAV2 and SEM-5/GRB2, the microtubule 
motor protein KLP-11/kinesin, and its associated protein UNC-76/FEZ1; this pathway promotes 
directional outgrowth towards the anterior but not the posterior and presumably act together with 
Trio/Rac and downstream of Wnt signals.  
 PLM-PN grows against the gradient of the repulsive LIN-44/Wnt signals. Several of our 
results suggest that intrinsic factors drive this posteriorly directed outgrowth to overcome the 
repelling activity of Wnt. First, the PLM neurons are intrinsically bipolar, since in vivo cultured 
ALM neurons that were isolated from embryos have a single neurite, whereas PLM neurons have 
two growing in opposite directions, all in the absence of guidance cues. Second, we previously 
found that the difference in the number of neurites results from the selective expression of Hox 
gene egl-5/Abd-B in PLM and not ALM neurons; misexpression of EGL-5 in ALM neurons 
causes them to produce an extra, posterior neurite (Zheng et al. submitted). This result suggests 
that this intrinsically acting Hox gene mainly controls posteriorly directed-outgrowth. Third, we 
found here that this intracellular signaling also depends on the GEF TIAM-1 and the level of 
Rac1 activity. Increased CED-10/Rac1 activity in the ALM neurons resulted in a prominent 
posterior neurite, suggesting that the PLM neurons may normally have a higher level of Rac1 
219 
 
activity than the ALM neurons. This increased activity in PLM could be attributed to TIAM-1, 
since its loss led to significant suppression of the posterior outgrowth. 
 A longstanding question about axonal guidance is how a variety of extracellular cues can 
elicit highly specific growth cone behaviors when most if not all of those cues activate the same 
Rho family GTPases (Hall and Lalli, 2010). The involvement of distinct GEFs in the outgrowth 
of TRN neurites suggests that this specificity may be conferred by the selective GEFs that 
activate Rho GTPases under specific cellular contexts. For example, as repulsive guidance cues 
both Semaphorin and Ephrin induce growth collapse by activating RhoA and Rac but through 
different GEFs. In Semaphorin signaling, Sema4D binds to the plexin-B1 receptor and activates 
RhoA through the PDZ-RhoGEF and LARG (Swiercz et al., 2002), and Sema3A/plexin-A1 
activates Rac through the RacGEF FARP2 (Toyofuku et al., 2005). Downstream of EphA4 
receptor in Ephrin signaling, GEF ephexin activates Rho (Shamah et al., 2001) and GEF Vav2 
activates Rac (Cowan et al., 2005). Moreover, Rac activity is required for both axonal repulsion 
and attraction through different GEFs. Slit/Robo signaling induces repulsion by activating Rac 
through the Ras/Rac GEF Sos (Yang and Bashaw, 2006), whereas Netrin-induced growth 
attraction, acting through the DCC receptor, requires the Rac activation by two GEFs, DOCK180 
and Trio (Briancon-Marjollet et al., 2008). Therefore, different extracellular signals may regulate 
growth cone motility using distinct GEFs. Given the large number (82) of mammalian GEFs 
(Schmidt and Hall, 2002), it is highly possible that the GEFs, functioning as intracellular 
controllers (type 2 molecules), coordinate cellular response to the guidance cues and organize 
cytoskeleton remodeling.  
 The morphogenesis of bipolar PLM neurons requires PLM-AN to extend down the 
gradient of repellent LIN-44/Wnt proteins and PLM-PN to grow against the LIN-44 gradient. 
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One hypothesis is that the two neurites’ sensitivities to repulsive Wnt signal are different. This 
varying responsiveness to the same guidance cue among different cellular compartments was 
observed before. For example, the mammalian commissural axons ignore the Wnt signal until 
they reach the midline, where their attraction to Wnt proteins directs anterior growth 
(Lyuksyutova et al., 2003). In the bipolar afferent neurons of the chick statoacoustic ganglion, 
the anteriorly projecting axons are repelled by another guidance molecule Slit, whereas the 
afferents navigating towards the posterior are not responsive to Slit signal (Battisti et al., 2014). 
Importantly, it has been shown that lowering the levels of Rac GTPases mig-2 and ced-10 could 
convert cellular responses to Semaphorin-1 and Plexin-1 from attraction to repulsion in C. 
elegans (Dalpe et al., 2004), suggesting that the proper activity of Rho family GTPases is critical 
for the response to cues. Therefore, based on our results that the extension of the anterior and 
posterior TRN neurites requires distinct GEFs, we propose that local activation of different GEFs 
may mediate different responsiveness within the same cell. 
 Our study also revealed a competition model for neurite extension in different directions. 
Mutations of genes [tiam-1 and ced-10/Rac1 (this study), egl-5 and rfip-1(Zheng et al. 
submitted)] that promote posteriorly directed outgrowth caused overextension of the anterior 
neurites; and similarly mutants (e.g. unc-73 and unc-53) that caused premature termination of the 
PLM-AN also showed elongation of the PLM-PN. Moreover, a prominent PLM-PN is restored 
when both the anteriorly and posteriorly directed outgrowth pathways were blocked (e.g. unc-73 
tiam-1, ced-10 mig-2, and dominant-negative ced-10 animals). This reciprocal regulation 
between outgrowth in different directions is reminiscent of the competitive outgrowth of neurites 
during axonal specification; post-migratory neurons extended several short, undifferentiated 
neurite, and one of these neurite grows extensively to become the axon and inhibits the growth of 
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the others (Hutchins, 2010). Such competition was also observed between the growths of 
primary axons and their branches (Ruthel and Hollenbeck, 2000) and the development of axons 
and dendrites (Shelly et al., 2011; Wang et al., 2013). Therefore, our results support that cells 
have a limited neurite growth capacity and one neuronal process develops at the expense of 
others.  
 Finally, the directional specificity of the GEF proteins UNC-73 and TIAM-1 is not 
limited in TRN neurons. UNC-73 promotes anteriorly directed extension in TRNs, ALNs, PLNs, 
and SDQs, and TIAM-1 is required for the posterior outgrowth in PLMs, ALNs, PLNs, and 
BDUs. Although not all bipolar neurons require UNC-73 and TIAM-1, other GEF proteins may 
selectively promote neurite outgrowth in specific directions. Our results suggest that 
neuritogenesis of bipolar or multipolar neurons may in general employ GEF molecules to control 
directional specificity. 
Experimental Procedures  
Strains 
 C. elegans wild type (N2) and mutant strains were maintained as previously described 
(Brenner, 1974). Most strains were provided by the Caenorhabditis Genetics Center, which is 
funded by NIH Office of Research Infrastructure Programs (P40 OD010440). Alleles shown in 
Table 6.1 were isolated in this study by visually screening for mutants with TRN differentiation 
defects; TU4069 carrying uIs115[mec-17p::RFP] for the visualization of the TRNs was used as 
the starter strain for the screen. Mutants were outcrossed with wild-type animals, and the 
phenotype-causing mutations were identified by whole genome sequencing using methods 
previous described (Zheng et al., 2013) and the sequencing service provided by Beijing Genome 
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Institute. Mutations were then confirmed by complementation tests with reference alleles and 
rescue experiments using the wild-type copy of the gene. Molecular lesions associated with the 
mutation were shown in Table 6.1. 
 To create tiam-1 unc-73B and tiam-1 unc-73E double mutants, constructs that express 
CRISPR/Cas9 with sgRNAs targeting exon 2 and exon 21 of unc-73, respectively, were injected 
into tiam-1(u914) mutants using a previously described method (Dickinson et al., 2013). Small 
deletions were generated in unc-73B and unc-73E isoforms (Figure 6.2).  
Constructs and transgenes 
 A 1.9 kb mec-17 promoter was cloned from wild-type genomic DNA into the Gateway 
pDONR221 P4-P1r vector and was used to drive TRN-specific expression. The cDNAs of the A 
isoform of unc-53, B and E isoforms of unc-73, and tiam-1 were cloned into Gateway 
pDONR221. The resulted entry vectors, together with the pENTR-mec-17-promoter, the 
pENTR-unc-54-3’ UTR, and destination vector pDEST-R4-R3 were used in the LR reaction to 
create the final expression vectors. The Gateway cloning method can be found at 
http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Clo
ning/Gateway-Cloning.html by Life Technologies (Grand Island, NY). These constructs were 
injected into worms to form extrachromosomal arrays to test their effects. 
 The cDNA of wild type ced-10 and constitutively active mutant ced-10(G12V), rac-
2(G12V), and mig-2(G16V) cDNA were kindly provided by Dr. Erik Lundquist at University of 
Kansas and subcloned into pDONR221. The resulted entry vectors were used to form mec-17 
promoter-driven expression vectors. mec-17p::ced-10(G12V) was integrated into the genome by 
gamma-irradiation to form transgene uIs166. To knock down rac-2 and rac-3 as previously 
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described (Lundquist et al., 2001), the genomic region covering the third and fourth exons of 
rac-2, which is highly conserved with rac-3, was cloned into pDONR221 P2r-P3; the reverse 
complementary sequence from the antisense strand was cloned into pDONR221. These entry 
vectors were used together with pENTR-mec-17p to form mec-17p::rac-2/3-RNAi that expressed 
hairpin RNA against rac-2 and rac-3 in the touch receptor neurons. 
 Transgenes uIs31[mec-17p::GFP] III, uIs115[mec-17p::RFP] IV, and uIs134[mec-
17p::RFP] V were used to visualize TRN morphology. qyEx115[tiam-1p::GFP] was used to 
confirm the expression of tiam-1 in TRNs. Transgene uIs129[lad-2p::GFP], which is generated 
by integrated otEx331 into the genome, was used to visualize the morphology of ALN and PLN 
neurons. 
Phenotype scoring and Statistical analysis 
To score the phenotype of premature termination of anteriorly directed TRN processes, 
the animals were divided into several regions using the positions of TRN cell bodies and the 
vulva as landmarks (Figure 6.1B). The positions of those landmarks are not noticeably changed 
in the mutants we tested. The percentages of TRN axons terminating at each specific region were 
calculated, and the aggregate data from three independent trials were shown. The relative length 
PLM posteriorly directed neurite was calculated by measuring the length of the process and 
dividing the length by the diameter of PLM cell body along the A-P axis. At least 30 gravid 
adults were measured. To observe TRN cell morphology in vitro, ALM and PLM neurons were 
extracted from the embryos and cultured on peanut lectin-coated glass slides for 14 hours using a 




To test transgenic animals, DNA constructs (5 ng/l for each expression vector) were 
injected into the animals to establish stable lines carrying the extrachromosomal array. At least 
three independent lines were tested for TRN morphogenesis. In some cases, the transgene was 
integrated into the genome using gamma irradiation, and at least three integrant lines were 
outcrossed and then subjected to various tests.   
For statistical analysis, ANOVA (analysis of variance) and a post-hoc Tukey–Kramer 
method was used to identify significant difference between the sample means in multiple 
comparisons that used more than 5 sets of data. When the group has no more than 5 sets of data, 
Student’s t-test was used to identify significant difference, and Holm-Bonferroni method was 













Table 6.1. Summary of genes affecting TRN differentiation and morphogenesis 
Gene name Allele name Phenotype Recessivity Penetrance
Molecular 
Lesion
Category 1     Mutations causing the absence of TRN maker
lin-32 u909 Lack of PLM, AVM, and PVM labeling recessive 58%
cdk-4 u948 Lack of PLM, AVM, and PVM labeling recessive 88% Q18Stop
u947; u972 Degeneration of TRNs recessive 35% (u947) A513T
u951 Degeneration of TRNs dominant 65% A713T
mec-10 u1025 Degeneration of TRNs recessive 10% G312R
Category 2 Mutations causing TRN markers to be expressed in extra cells
egl-46 u945 Expression of TRN marker in FLPs recessive
egl-44 u965 Expression of TRN marker in FLPs recessive
pag-3 u920; u949; u961 Expression of TRN marker in BDUs recessive
egl-13 u964 Expression of TRN marker in A/PQRs recessive H389Y
Category 3 Mutations causing developmental defects in AVM/PVM
egl-20 u999 PVM is mispositioned anteriorly V92D
unc-6 u1018 Ventral guidance defects for AVM neurites C346Y
Category 4 Mutations shorterning PLM-AN and elongating PLM-PN
lin-44 u905; u906; u907; u959; u960 recessive 90% (u905)
lin-17 u919; u962; u963 recessive 75% (u919)
Category 5 Mutations discrupting the integrity of TRN neurites






unc-51 u1000 recessive E188K
Category 6 Mutations shortening ALM-AN and PLM-AN
unc-73 u908 recessive 85% E1212K
u913 recessive 90% Q261Stop
u912; u946; u967; u968; u969; u970; u971; u974 recessive
klp-11 u1024 recessive 79% Q53Stop
Category 7 Mutations shortening ALM-AN
unc-23 u1022 recessive 82% Q132Stop
Category 8 Mutations resulting in ectopic ALM-PN
mec-12 u917 recessive 38% V260I
mec-7 u1017 recessive 83% L377F
tba-7 u1015 recessive 79% G92D
Category 9 Mutations shortening the PLM-PN
u915 recessive 95% R165Stop
u952 recessive G512R
u953 recessive R103Stop





egl-5 u918; u966 recessive 100%
mua-3 u973 recessive 45% C2191Y
sup-26 u916 recessive 81% G95Stop





Category 10 Mutations shortening both PLM-AN and PLM-PN









Figure 6.1. UNC-73 and UNC-53 promote anteriorly directed neurite extension. (A) TRN 
morphologies, visualized by RFP expressed from the mec-17 promoter, in wild-type, unc-73 and 
unc-53 animals. Arrows point to the positions where anterior neurites terminate. (B) The 
percentage of TRN anterior neurites terminating in specific zones. The animal body is divided 
into six zones along the anterior-posterior axis. Zone I occupies the area from the nose to the 
center of first pharyngeal bulb; AVM and ALM cell bodies, vulva, PVM and PLM cell bodies 
define the boundaries from zone II to zone VI.     
 
Figure 6.2. Mutations in unc-73 genes. Gene structures for unc-73a, b, and e isoforms, and the 
molecular lesions of various unc-73 alleles. u1007, u1031, u1032, and u1033 were generated by 





Figure 6.3. TIAM-1 promotes posteriorly directed neurite outgrowth. (A) The shortening of 
PLM-PN in tiam-1 compared to wild-type animals. Arrows indicate the end of PLM-PN. (B) 
Overextension of PLM-AN in tiam-1 animals, and the percentage of PLM-AN passing the ALM 
cell body. Asterisks in the images indicate the position of the vulva, and the arrows point to 
where PLM-AN terminates. (C) The length of PLM-PN in tiam-1 animals. (D) The expression of 






Figure 6.4. Overexpression of tiam-1 induces premature termination of TRN anterior neurites. (A) 
Shortening of the anterior neurites in animals overexpressing tiam-1 in TRN neurons. (B) 
Percentage of ALM and PLM neurons with anterior neurites terminating at specific zones. (C) 




Figure 6.5. CED-10/Rac1 promotes posteriorly directed neurite outgrowth. (A) The length of 
PLM-PN in various strains. (B) TRN morphologies in animals expressing constitutively active 
CED-10(G12V) from the mec-17 promoter. Left panels show morphological transformation of 
ALM neurons; arrows indicate the ectopic ALM-PN. Right panels show the premature 
termination of ALM-AN and PLM-AN; arrows point to the position where the anterior neurites 
terminate. (C-D) The length of ALM-PN and PLM-PN in various strains. (E) The average 
number of ALM and PLM neurites emanating from the cell bodies; the percentage of TRNs with 









Figure 6.6. in vitro cultured ALM and PLM neurons of wild-type and transgenic animals 
expressing ced-10(G12V) from TRN-specific mec-17 promoter. (A) ALM neurons labeled by 
RFP in cytoplasm have one long neurite; PLM neurons labeled by both cytoplasmic RFP and 
nuclear GFP have two neurites growing in the opposing directions. (B) ALM and PLM neurons 
expressing ced-10(G12V) have multiple short neurites. (C) The percentage of cells having 0, 1, 2, 
3, and >3 neurites. 
 
Figure 6.7. Mutations in unc-73 suppress the shortening of PLM-PN in tiam-1 mutants. (A)  The 
percentage of TRN anterior neurites terminating in various zones. (B) The length of PLM-PN in 
the strains indicated. (C) TRN morphology in L2 animals and adults of unc-73 tiam-1 double 






Figure 6.8. UNC-73 and TIAM-1 promotes anterior and posterior outgrowth, respectively, in 
ALN and PLN neurons. (A) The morphology of ALN and PLN neurons, labeled by GFP 
expressed from lad-2 promoter, in wild-type, tiam-1, unc-73, and unc-73 tiam-1 animals. lad-
2p::GFP also labels SDQ neurons and several head neurons. (B-C) Percentage of ALN and PLN 
neurons with defects in anteriorly directed neurite extension. (D) Length of ALN-PN and PLN-







Figure 6.9. TIAM-1 promotes the growth of posterior neurites in BDU neurons. (A) A diagram 
of the bipolar BDU neurons; BDU-PN terminates around the vulva. (B) Significant shortening of 
BDU-PN in tiam-1 animals. (C) The length of BDU-PN in various strains. 
 
Figure 6.10. A competition mechanism regulates directional bias of bipolar neurite extension. 
GEF UNC-73/Trio promotes anteriorly directed neurite extension by activating two redundant 
Rac GTPases, CED-10/Rac1 and MIG-2/RhoG. UNC-53/NAV2, its adaptor SEM-5/GRB2, 
KLP-11/Kinesin, and its associated protein UNC-76/FEZ1 also promote anterior outgrowth. 
Another GEF protein TIAM-1 promotes the growth of PLM posterior neurite. Neurite extensions 
towards the anterior and posterior compete for limited resource (e.g. membrane supply), and loss 
of growth signal in one direction leads to redistribution of the resource, which promotes neurite 



























 My doctoral research investigates the genetic mechanisms of neuronal differentiation 
with a particular focus on subtype diversification of neurons that share the same general cell fate. 
Using the anterior (ALM) and posterior (PLM) subtypes of the C. elegans touch receptor 
neurons (TRNs), my studies uncover genetic mechanisms for three aspects of TRN 
differentiation: 1) TRN subtype specification, 2) the fate choice between TRN and FLP neurons, 
and 3) TRN neurite outgrowth and guidance. 
 First, I studied the function of Hox genes in specifying TRN subtype identity along the 
anterior-posterior (A-P) axis and found that Hox genes have dual functions in both promoting 
TRN cell fate commitment and inducing subtype diversification. Different Hox proteins facilitate 
the activation of mec-3, the terminal selector of TRN fate, through a common cis-regulatory 
element in ALM and PLM neurons and therefore promote the commitment of the two subtypes 
to a common TRN fate (Chapter II). Moreover, Hox proteins also control the generation of 
differences between the two subtypes. The anterior ALM neurons maintain a default TRN state, 
whereas the posterior Hox gene egl-5/Abd-B induces morphological, transcriptional, and 
functional specification in the posterior PLM neurons, which distinguish them from the anterior 
subtype (Chapter III). This EGL-5-induced PLM specification requires the inhibition of TALE 
cofactor unc-62/Meis and activation of a novel Hox downstream effector rfip-1, which encodes a 
recycling endosome-associated protein. Overall, my studies established that Hox genes play 
important roles in TRN differentiation and subtype specification. 
 Second, I identified the Zn-finger transcription factor ZAG-1 as a positive regulator of 
TRN fate through an RNAi screen (Chapter IV). ZAG-1 promotes TRN fate by repressing the 
expression of two other transcription factors EGL-44 and EGL-46, which form a heterodimer to 
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repress TRN genes. zag-1 is not expressed in FLP neurons, which allows egl-44 and egl-46 to be 
activated and enables the suppression of TRN fate in FLP neurons. Moreover, the reciprocal 
regulation of ZAG-1 and EGL-44 forms a bistable switch that controls the cell fate choice 
between TRN and FLP neurons. 
 Third, working with Margarete Diaz-Cuadros, I identified a list of genes that regulate 
TRN neurite outgrowth through a forward genetic screen. One particular focus of the screen is to 
search for genes that control the morphological difference between ALM and PLM neurons, 
which is the production of a posterior neurite in PLM neurons. I found that this posteriorly-
directed neurite outgrowth requires regulation of both extrinsic and intrinsic signaling. First, the 
Dishevelled protein DSH-1 enables the growth of PLM posterior neurite by attenuating the 
repulsive activity of Wnt proteins released at the posterior side of PLM cell body (Chapter V). 
This downregulation of the strength of Wnt signaling allows PLM neurite to grow against the 
gradient of Wnt repellents. Second, a guanine nucleotide exchange factor TIAM-1 intrinsically 
promotes the growth of PLM posterior neurite by activating the small GTPase CED-10/Rac1 
(Chapter VI). TIAM-1 shows directional specificity by inducing posteriorly directed neurite 
outgrowth and inhibiting anteriorly directed extension. 
 In summary, this doctoral dissertation made significant progress in the understanding of 
C. elegans TRN differentiation as well as the development of nervous system in general. My 
research provides insights for many fundamental questions in developmental neurobiology by 
uncovering the mechanisms by which Hox genes control neuronal specification, identifying a 
bistable regulatory switch that controls cell fate decision, and illustrating the importance of fine-




Although this thesis established a framework for the study of neuronal differentiation, 
two important questions regarding TRN fate specification and TRN morphogenesis still remain 
unsolved. First, what is the mechanism for TRN fate convergence and restriction? Second, how 
are the extracellular guidance cues and intrinsic signaling integrated to generate the TRN shape?  
TRN Fate Specification  
The TRN subtypes are derived from distinct lineages that are separated from the second 
cell division. The zygote divides into AB and P1 blastomeres, AB divides into ABa and ABp 
blastomeres, and ABp divides laterally into ABpl and ABpr. The embryonic ALM and PLM 
neurons are ABa and ABp decedents, respectively; the postembyronic AVM and PVM are 
derived from ABpr and ABpl lineages, respectively (Figure 1.10A). It is entirely unclear why 
neurons came from such vastly different lineages can adopt the same TRN cell fate.  
There are at least three steps in this cell fate convergence. The first step is to activate unc-
86 in the precursors of ALM neurons and the precursors of the precursors of PLM, AVM, and 
PVM neurons. unc-86 is broadly expressed in 57 terminally differentiated neurons and the 
precursors of many of these neurons, but the mechanism that controls the activation of unc-86 in 
embryogenesis is unknown. Carefully dissecting the cis-regulatory elements in unc-86 promoter 
and examining the expression pattern of unc-86::GFP reporter in mutants of candidate 
transcription factors might uncover the regulators of unc-86 and provide explanations for its 
expression in particular lineages.  
The second step is to activate mec-3 in ten unc-86-expressing neurons. Although my 
studies suggest that the expression of Hox genes contribute to the activation of mec-3 by UNC-
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86, the Hox regulation cannot account for the mec-3 activation in all TRNs. About 65% of ALM 
and PLM neurons express mec-3 at the wild-type level without Hox proteins, and mec-3 
expression in the AVM and PVM neurons do not need Hox activities at all. Therefore, the 
activation of mec-3 by UNC-86 certainly requires other mechanisms. Inhibitory factors have 
been identified in a few UNC-86-expressing neurons to prevent mec-3 expression (see Section E, 
Chapter I for details); however, our knowledge about such inhibitory mechanisms in the majority 
of the neurons that express unc-86 but not mec-3 is missing. Large scale forward genetic screen 
and genome-wide RNAi screen can potentially identify such inhibitory factors, since their 
removal causes ectopic expression of mec-3 in other cells. The alternative hypothesis is that a 
combination of transcription factors act together to activate mec-3. Therefore, systematically 
examining the expression patterns of transcription factors using the automated lineage tracking 
method (Murray, et al., 2008) may reveal such “combinatorial code” that is only present in the 
ten mec-3-expressing cells. Genetic studies can then be performed to study the interaction among 
those transcription factors that regulate mec-3 expression. 
The third step is to activate the TRN genetic program. Although UNC-86 and MEC-3 are 
both present in ten cells, only six of them adopt the TRN fate and express the TRN terminal 
differentiation genes. The two FLPs and two PVDs do not express TRN genes. In FLPs, EGL-44 
and EGL-46 serve as potent TRN fate inhibitors by occupying the cis-regulatory elements that 
are normally bound by UNC-86 and MEC-3. However, such inhibitory mechanisms are not 
identified in PVD neurons. My work suggests that ZAG-1 can override the inhibition in PVD 
neurons because misexpression of ZAG-1 can convert PVD to TRN-like fate. Therefore, 




Overall, the answer for this first question regarding the TRN fate specification relies on 
breaking the lineage programming code that progressively specifies TRN fate. More importantly, 
C. elegans is the best system for understanding this lineage-based cell fate determination 
mechanism because of its highly invariant lineages. As a well-defined neuron type in C. elegans, 
the TRN fate is certainly one of the best starting points.  
TRN Morphogenesis 
 The six TRNs serve as a good model to study the mechanisms of axonal outgrowth and 
guidance. Although this thesis reports many genes that control TRN neurite outgrowth, several 
problems remained unsolved. One particular question concerns the coordination of intrinsic 
signaling and extracellular guidance cues in the growth of PLM posterior neurites. 
 Although my studies suggest that LIN-44/Wnt proteins act as repellents to guide PLM 
neurites towards the anterior and identified Fzd receptor LIN-44 and Dsh proteins DSH-1 and 
MIG-5 as the immediate downstream molecules that mediate the effect of Wnt signals, my 
efforts failed to discover any effector genes further downstream of the Wnt signaling. It is 
currently unclear whether redundant pathways mediate the repulsive Wnt activities or some 
unknown factor is essential for the guidance. Further genetic screens using sensitized 
background that blocks one or two known Wnt downstream pathways may be conducted to 
identify such effector genes. 
 Next, what is endogenous force that drives the default, posteriorly directed neurite 
extension in PLM neurons when Wnt signal is removed? One such candidate is the Hox gene 
egl-5, because it drives normal outgrowth towards the posterior. However, the egl-5 lin-44 
double mutants showed similar phenotypes as lin-44 single mutant although with a slightly lower 
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penetrance (data not shown), suggesting that the intrinsic ability to grow the PLM posterior 
neurites is independent of egl-5. Some other unidentified factors drive this growth. Alternatively, 
egl-5 may act redundantly with other genes to promote this default neurite outgrowth pattern in 
the absence of Wnt repellents. Such factors can be identified by screening for mutants that lose 
the ability to grow towards the posterior in lin-44 or lin-44 egl-5 background.  
 Third, how does this intrinsic force interact with the external Wnt signals to coordinate 
TRN morphogenesis? One explanation is that the signaling pathways converge on downstream 
effectors, such as the small GTPase Rac. By regulating the activities of GEF and GAP, a 
spatially and temporally controlled Rac activity can be achieved to generate the appropriate 
signals for cytoskeleton remodeling, which will ultimately lead to growth of neurites in the 
proper direction and with the proper length. Monitoring subcellular distribution of Rac activity 
using a Rac biosensor can confirm the hypothesis. Nevertheless, the key molecules that are 
involved in this delicate regulation of Rac activity have not been identified yet, despite a possible 
role for TIAM-1; and the connection between Wnt signaling and Rac is still missing. Continuing 
the analysis of other genes identified in the screen and testing the mutants of candidate Rac 
regulators may provide an explanation for the question. 
 Finally, the forward genetic screen described in this thesis also identified genes that act 
cell nonautonomously to regulate TRN neurite outgrowth. Two such genes, unc-23 and mua-3, 
are expressed in the muscle and are involved in muscle attachment to the epidermis, but it is 
unclear why displacement of the muscle cells could lead to defects in neurite extension. Another 
gene is sup-26, which encodes a RNA binding protein, and it will be interesting to identify where 
this gene acts and what are the target mRNAs SUP-26 binds in the regulation of TRN 
neuritogenesis. Moreover, genetic interaction studies can be conducted to investigate how those 
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cell-nonautnomously acting factors interact with the extracellular Wnt proteins to control neurite 
guidance and outgrowth.  
 In summary, the well-defined TRN morphology provides a great system to identify genes 
that regulate neuronal morphogenesis given the various genetic tools available in C. elegans. 
Since a lot of the mechanisms that control axon guidance and outgrowth are conserved across 
species, results from the TRNs will certainly shed light on the understanding of axonal and 
dendritic development in other nervous systems. 
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Microarray-Based mRNA Profiling Identified Genes Differentially 














 In this appendix, I describe the results of an mRNA expression profiling experiment that 
aimed at identifying genes differentially expressed between the anterior and posterior TRN 
subtypes, namely ALM and PLM neurons, respectively. I isolated ALM and PLM populations 
from the embryos, separated them using flow cytometry, and performed genome-wide 
microarray experiments to compare their mRNA expression profiles. We identified 48 genes 
upregulated in ALM neurons and 188 genes upregulated in PLM neurons. These preliminary 














To systematically search for genes differentially expressed between ALM and PLM 
neurons, we first differentially labeled ALM and PLM cells in TU4008 strain, which carries 
transgene uIs115[mec-17p::RFP] that labels both cells in red and transgene uIs116[egl-5::GFP] 
that labels only PLM in green (Figure 8.1). We then isolated ALM and PLM neurons from the 
embryos, cultured them in vitro, and separated the two populations of cells by fluorescence-
activated cell sorting, and performed microarray experiments on the isolated cells (see Materials 
and Methods). By comparing the mRNA expression profiles of the two subtypes, we identified 
48 genes upregulated in ALM neurons and 188 genes upregulated in PLM neurons using 3-fold 
change as the cutoff; the relative expression levels for the vast majority of genes remained the 
same (Figure 8.2A, Table 8.1 and 9.2). Previous microarray experiments identified 196 genes 
highly expressed in TRN populations compared to the rest of the embryo (Topalidou and Chalfie, 
2011). Twenty-two of the 48 ALM-upregulated genes and 8 of the 188 PLM-upregulated genes 
were in TRN-upregulated list (Figure 8.2A).  
By lowering the threshold to genes showing a 2-fold change in expression, we found that 
16 previously characterized TRN-specific genes were all upregulated in ALM compared to the 
level in PLM (Table 8.3). The differences in mRNA level were further confirmed for several 
genes using smFISH (Table 8.3). The number of fluorescently labeled mec-3 mRNA molecules 
was significantly higher in ALM than that in PLM of the same animal (Figure 8.2B), which may 
explain the elevated expression of the general TRN program in the anterior cells. This stronger 
activation of mechanosensation-associated genes in ALM neurons may result in the higher force 
sensitivity when compared to PLM neurons, because the same mechanical stimulus could induce 
bigger increases in GCaMP3 fluorescence intensity in ALM neurons than in PLM cells (Figure 
8.3A and B). We also confirmed the differential expression of other uncharacterized ALM-
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enriched genes, such as sru-27 and F56A11.4, both of which encode putative 7-transmembrane 
receptors (Figure 8.2C).  
Among the 48 genes upregulated in ALM neurons, we found two genes encoding 
transcription factors, unc-62 and pag-3. unc-62, which encodes a Meis-class homeodomain 
protein, was only expressed in ALM but not PLM neurons, and null mutations in unc-62 resulted 
in the loss of TRN marker expression in ALM but not PLM (see Chapter II). pag-3, which 
encodes a C2H2 zinc-finger protein, was previously found to prevent the BDU neurons, the 
ALM sister cells, from adopting the TRN fate (Jia et al., 1996). Although pag-3 single mutants 
showed normal TRN differentiation, when tested in a sensitized background with mutations in 
alr-1, which stabilizes the TRN cell fate (Topalidou et al., 2011), pag-3 gene was essential for 
maintaining the expression of TRN markers in ALM but not PLM neurons (Figure 8.3C). 
We also confirmed the differential expression of at least several genes identified as 
upregulated in the PLM neurons. F44E2.4, which encodes a putative low density lipoprotein 
receptor,  also had much higher expression in PLM than in ALM neurons (Figure 8.2C). 
Transcriptional GFP fusion experiments confirmed other PLM-enriched genes, including acdh-2 
and elt-3, encoding a short-chain acyl-CoA dehydrogenase and a GATA transcription factor, 
respectively (Figure 8.2D and E). inx-3, which encodes a gap junction protein and may be 
involved in the connection of mechanosensory neurons to the downstream interneurons, was 
found to be selectively expressed in PLM but not ALM neurons (Figure 8.2F). 
Examining the available null alleles for the top 50 genes upregulated in PLM, we 
identified three genes that were needed for PLM axonal guidance and morphogenesis. dod-19 
encodes a novel transmembrane glycoprotein, and its mutation resulted in the misguidance of the 
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PLM anterior process to the dorsal side; dpy-14 encodes a collagen, and the deletion of dpy-14 
rerouted the PLM anterior process toward the posterior; cdc-14 encodes a dual-specificity 
phosphatase, and cdc-14 mutants showed mispositioned PLM cell body and shortened PLM 
posterior process (Figure 8.3D-F). 
Above examples clearly suggested the existence of subtype-specific genetic programs 
that are required for the differentiation of these neurons and possibly the generation of their 
differences. Although further studies are needed to illustrate the roles of these differentially 
expressed genes in regulating TRN subtype specification, these microarray results laid the 
groundwork for the identification of the mechanisms that govern neuronal subtype 
diversification.     
Materials and Methods 
Isolation of TRNs and microarray 
The ALM and PLM neurons were differentially labeled in TU4008 [uIs115; uIs116] with 
RFP in all TRNs and GFP in PLM but not ALM. The touch receptor neurons were extracted 
from the embryos and cultured in vitro for 14 hours using a method previously described 
(Topalidou and Chalfie, 2011). Cells were then subjected to fluorescence-activated cell sorting 
(FACS), and RFP+GFP- ALM and RFP+GFP+ PLM populations were isolated. We collected at 
least 30,000 cells for each group and used them for a single experiment. Total RNA were then 
extracted from these cells, and cDNA libraries were synthesized. Two rounds of amplification 
were performed using the Ambion MessageAmp II aRNA Amplification Kit (Life Technologies, 
Grand Island, NY). During the second round, Affymetrix IVT labeling kit (Affymetrix, Santa 
Clara, CA) was used to synthesize labeled cRNA probes, which were then fragmented and 
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subjected to hybridization with GeneChip C. elegans Genome Array (Affymetrix). Imaging of 
the arrays and data collection was done at the Human Genetic Resources Core at Columbia 
Medical Center. Three completely independent biological replicates were performed.  
Data were normalized using Robust Multi-array Average (RMA), and unique probe sets 
were ranked according to their p-values of the average intensity difference between the ALM and 
PLM samples. Statistical significance was controlled at 5% False Discovery Rate using 
Benjamini-Hochberg method. Probe sets with an average difference more than 1.5 intensity units 
(3-fold change in expression) between the ALM and PLM samples were identified. All the probe 
sets were remapped to the genome, and functional annotation and gene ontology analysis were 
performed using DAVID (http://david.abcc.ncifcrf.gov/). 
smFISH and Calcium Imaging 











Figure 8.1 Flowchart of the experimental procedures to identify genes differentially expressed in 
TRN subtypes. (A) Cultured ALM and PLM neurons from TU4008 animals that express RFP in 
all TRNs from mec-17 promoter and express GFP in PLM neurons from egl-5 promoter. From 
the flow cytometry image, gate P4 represents the RFP+GFP- ALM cells, and gate P5 represents 
RFP+GFP+ PLM cells. We collected cells from the two gates and subjected them to microarray 











Figure 8.2 Genes differentially expressed between ALM and PLM neurons. (A) Summary of 
mRNA expression profiles of ALM and PLM cells, and the comparison with genes enriched in 
TRNs (Topalidou and Chalfie 2011). (B) Paired numbers of mec-3 transcripts in ALM and PLM 
neurons from the same animal examined in smFISH experiments. (C) Paired numbers of sru-27, 
F55A11.4, and F44E2.4 fluorescent mRNA molecules in ALM and PLM neurons from the same 
animal. (D-F) The expression of acdh-2, elt-3, and inx-3 reporters in PLM but not ALM neurons. 
 
Figure 8.3 Subtype-specific genes control the differentiation of subtypes. (A) Force-sensitivity 
and (B) the maximum G-Camp3 activation of ALM and PLM neurons from Calcium Imaging 
experiments. (C) The loss of TRN marker expression in ALM neurons in pag-3 alr-1 double 
mutants. (D) Dorsal shift of the anterior neurite of PLM neurons in dod-19 mutants. (E) 
Misguidance of the PLM anterior neurite in dpy-14 mutants. (F) Shortening of the PLM posterior 






Table 8.1. Genes upregulated in ALM neurons compared to PLM neurons. 




in TRNs Function 
sru-27 180802_s_at C38C3.2 7.71 16.50 Serpentine Receptor, class U; GPCR 
  180801_at C38C3.2 5.98     
F58F9.3b 183294_at F58F9.3b 7.64   Uncharacterized protein with ubiquitin fold 
C04F12.5 184193_at C04F12.5 7.10   Unkown 
F56A11.4 174419_s_at F56A11.4 6.55 5.39 7 transmembrane receptor 
F41G3.1.1 172385_x_at F41G3.1 6.54   Unkown 
Y47D9A.5.1 184669_at Y47D9A.5 5.94 4.78 Unkown 
H09F14.1 193401_at H09F14.1 5.92   7 transmembrane receptor 
Y47D9A.3 184651_at Y47D9A.3 5.68   Unkown 
Y119C1B.6 176246_at Y119C1B.6 5.56   Unkown 
F01D5.8 178264_at F01D5.8 5.28 37.88 Alpha/beta hydrolase domain-containing protein 
fut-1 189602_s_at K08F8.3 5.19 12.78 Fucosyl transferase 
  173768_at K08F8.3 3.54     
rrc-1 193525_s_at F47A4.3a 5.12   RhoGAP for Rac-1 and Cdc-42 
F42A9.9 181062_at F42A9.9 5.03 42.51 Unkown 
poml-1 179138_at K11E4.3 4.84 36.64 Paraoxonase-like proteins 
ugt-46 173204_s_at B0310.5 4.73 19.46 UDP-Glucuronosyl Transferase 
  173905_s_at B0310.5 3.66     
F36G3.1.1 186846_s_at F36G3.1 4.50 4.93 Unkown 
Y18D10A.2 184665_at Y18D10A.2 4.48   Unkown 
F49E12.7 184069_at F49E12.7 4.44   Unkown 
ddr-1 190708_at C25F6.4 4.32   Discoidin Domain Receptor; protein tyrosine kinase homolog 
B0507.4 181374_at B0507.4 4.24 4.65 Unkown 
K09C8.2 179376_at K09C8.2 4.17 6.30 Unkown 
C35A11.4 189773_s_at C35A11.4 4.09 9.39 Permease of the major facilitator superfamily 
mec-1 183186_at T07H8.4a 3.95 24.29 Extracellular protein with multiple EGF and Kunitz domains 
frpr-3 183265_at C26F1.6 3.92   FMRFamide Peptide Receptor 
sri-69 186512_at Y102A5C.32 3.81   Serpentine Receptor, class I; GPCR 






C47D2.1 182249_at C47D2.1 3.71   Unkown 
mec-19 179000_at C49G9.1 3.70 38.66 Novel membrane protein; negative regulator of MEC-4 channel 
ggr-3 193182_at F09C12.1 3.67   GABA/glycine receptor of ligand-gated chloride channels 
F44F4.1 179554_at F44F4.1 3.63 6.39 Unkown 
ggr-1 193954_at C09G5.1 3.50   GABA/glycine receptor of ligand-gated chloride channels 
C03B1.4 187303_at C03B1.4 3.46 4.89 Unkown 
E01G6.2 178527_at E01G6.2 3.46 8.12 Unkown 
lgc-12 176580_at R13A5.4 3.39 15.16 Ligand-Gated ion Channel 
C03A3.3 178980_at C03A3.3 3.38 133.80 Metallo-beta-lactamase superfamily 
F57F5.1 189544_at F57F5.1 3.38   Papain family cysteine protease 
ZC376.8 172418_x_at ZC376.8 3.34   Unkown 
F47B3.4 172418_x_at F47B3.4 3.34   Unkown 
F32B5.2 183005_at F32B5.2 3.30   Unkown 
pag-3 193449_at F45B8.4 3.25   C2H2 zinc-finger transcription factor 
ZK816.1 180525_at ZK816.1 3.25   Unkown 
cpin-1 182905_at F38E11.3 3.24   Guanine aminohydrolase 
E02A10.3 190672_s_at E02A10.3 3.17 4.13 Calmodulin protein 
twk-43 178219_at F32H5.7 3.16 6.33 TWiK family of potassium channels 
unc-62 192045_s_at T28F12.2a 3.15   Meis-class homeodomain protein 
F15D4.4 189471_at F15D4.4 3.14 10.77 Cysteine proteinase Cathepsin L 
dyc-1 187957_at C33G3.1a 3.12   
Homolog of murine CAPON; associated with neuronal nitric 
oxide synthase 






















in TRN Function 
 acdh-2 173996_at C17C3.12a 12.35   Acyl-CoA dehydrogenase 
   190705_s_at C17C3.12a 3.78   Acyl-CoA dehydrogenase 
 Y38E10A.14 175449_s_at Y38E10A.14 11.89   Unkown 
 dod-19 175170_s_at ZK6.10 10.18   Downstream Of DAF-16 
 dpy-10 175025_at T14B4.7a 10.05   Collagen 
   188200_at T14B4.7a 4.30   Collagen 
 nspe-7 172635_x_at Y38E10A.15 9.87   Nematode-specific peptide, group E 
 F36H5.10.1 174172_at F36H5.10 9.04   Unkown 
 F44E2.4 175016_s_at F44E2.4 8.67   LDL receptor domain 
 C25F9.2 178896_at C25F9.2 8.04   3' to 5' exonuclease 
 mlt-11 171847_s_at W01F3.3 7.94   Related to the mammalian Tissue Factor Pathway Inhibitors 
 acn-1 173654_at C42D8.5a 7.57   ACE (angiotensin converting enzyme)-like Non-peptidase 
 nlp-20 183438_s_at F45E4.8 7.44   Neuropeptide 
 T19B10.2 181715_s_at T19B10.2 7.13   Unkown 
 nhr-43 193483_at C29E6.5 6.97   Nuclear hormone receptor 
 abu-10 179983_at F35A5.3 6.35   Transmembrane protein; Q/N-rich domain; Cysteine-rich domain 
 Y43F8B.9 180823_at Y43F8B.9 6.07   Unkown 
 flu-2 189268_s_at C15H9.7 6.03   Kynureninase 
 clh-1 171764_x_at T27D12.2 5.92   CLC-type chloride channel 
   171999_x_at T27D12.2 4.28   CLC-type chloride channel 
   171740_x_at T27D12.2 3.97   CLC-type chloride channel 
 ttr-2 191676_at K03H1.4 5.91   TransThyretin-Related family domain 
 col-121 173071_s_at F56D5.1 5.87   Collagen 
 F21C10.4 185837_at F21C10.4 5.87   Glycosyl transferase, family 31 
 dao-2 180376_s_at M03A1.7 5.80   A putatively secreted protein with a DB module 
 hpd-1 193009_at T21C12.2 5.71   4-Hydroxyphenylpyruvate dioxygenase 
 ugt-25 184602_at C10H11.3 5.69   UDP-GlucuronosylTransferase 
 sma-6 175759_at C32D5.2 5.67   Serine/threnione kinase homologous to type I TGF-beta receptor 
 F48C5.1 192099_s_at F48C5.1 5.60   Unkown 
 rol-3 173772_at C16D9.2c 5.42   Protein kinase-like domain 
 odc-1 192924_s_at K11C4.4 5.36   Ornithine decarboxylase 







F31D5.2 183563_at F31D5.2 5.23   Ion channel regulatory protein, unc-93-like 
 cpt-4 173238_s_at K11D12.4 5.20   Carnitine Palmitoyl Transferase 
 ifa-1 193131_at F38B2.1a 5.12   Intermediate Filament, A 
 F25A2.1 176007_at F25A2.1 5.11   Unkown 
 M03A1.8 180375_at M03A1.8 5.08   Unkown 
 dao-2 180375_at M03A1.7 5.08   a putatively secreted protein with a DB module 
 pgp-14 173817_at F22E10.3 3.43   ABC transporter 
 perm-5 174319_at C55C3.5 4.94   Unkown 
   180355_at C55C3.5 3.08   Unkown 
 lpr-6 177724_at W04G3.1a 4.90   LiPocalin-Related protein 
 C35A5.3 192528_at C35A5.3 4.82   Unkown 
 ceh-22 175701_at F29F11.5a 4.80   NK-2 family homeodomain factor 
 cyp-14A5 189344_s_at F08F3.7 4.80   Cytochrome P450s 
 oac-46 173940_at T14D7.2 4.71   Acyltransferase 
   178515_s_at T14D7.2 3.03   Acyltransferase 
 pqn-95 183577_at ZK1067.7 4.68   Glutamine/asparagine-rich domain 
 ugt-13 188934_at H23N18.1 4.66   UDP-GlucuronosylTransferase 
 lron-2  181399_at ZK682.5 4.64   Extracellular Leucine-Rich Repeat 
 M195.2 177255_at M195.2 4.63   Unkown 
 asns-1 190413_at F25G6.6 4.54   Asparaginyl-tRNA synthetase 
 F20B10.3 183717_at F20B10.3 4.52 7.72 Unkown 
 zig-3 192500_at C14F5.2 4.52   Secreted immunoglobulin-domain protein; 
 dpy-31 174371_at R151.5a 4.47   Astacin zinc-metalloprotease of the BMP-1/TOLLOID family 
   190101_s_at R151.5a 3.64   Astacin zinc-metalloprotease of the BMP-1/TOLLOID family 
 osm-11 174994_at F11C7.5 4.47   Unkown 
 sqt-3 174910_at F23H12.4 4.41   Collagen 
 dpy-2 173355_s_at T14B4.6 4.40   Cuticular collagen 
   184162_at T14B4.6 4.38   Cuticular collagen 
 pqn-13 174178_at C14C11.8 4.39   Q/N-rich domain 
   185795_at C14C11.8 4.19   Q/N-rich domain 
 K02G10.5 173839_at K02G10.5 4.39   Unkown 
 ugt-29 176819_s_at Y49C4A.8a 4.38   UDP-GlucuronosylTransferase 
 ptr-1 188066_at C24B5.3 4.31   PaTched Related family 
 F08F3.4 175114_s_at F08F3.4 4.31   Unkown 
 noah-1 174240_at C34G6.6a 4.27   PAN and ZP domain-containing protein related to Drosophila NompA  







ZK180.5a 173576_at ZK180.5a 4.26   Unkown 
 T24C4.4 182815_at T24C4.4 4.26   Unkown 
 H41C03.1 185591_at H41C03.1 4.24   Unkown 
 ptr-4 180485_s_at C45B2.7 4.24   PaTched Related family 
   172991_at C45B2.7 3.40   PaTched Related family 
 F44E2.4 175015_at F44E2.4 4.23   Predicted receptor-like serine/threonine kinase 
 lon-1 187318_at F48E8.1a 4.19   PR-protein superfamily that is a target of DBL-1 (TGF-beta) signaling 
 Y75B8A.3 189630_s_at Y75B8A.3 4.15   Carboxylesterase 
 nspe-1 186726_at Y38E10A.13 4.13   Nematode-specific peptide, group E 
 nspe-2 186726_at Y38E10A.26 4.13   Nematode-specific peptide, group E 
 C44B7.6 180212_at C44B7.6a 4.09   Unkown 
 F41C3.2 192823_at F41C3.2 4.08   F41C3.2 
 D1005.2 182178_at D1005.2 4.07   UDP-glucose pyrophosphorylase 
 itr-1 193676_s_at F33D4.2a 4.07   Inositol (1,4,5) trisphosphate receptor 
 C17C3.1 173151_s_at C17C3.1a 4.04   Acyl-CoA thioesterase  
 ugt-39 190682_at F10D2.2a 4.03   UDP-GlucuronosylTransferase 
 F09C6.1 173498_s_at F09C6.1 4.02   Unkown 
 R04B5.5 190358_at R04B5.5 4.01   Sorbitol dehydrogense 
 ora-1 188116_at F57H12.3 4.00   Onchocerca Related Antigen family 
 Y37D8A.4 173564_at Y37D8A.4 3.98   Y37D8A.4 
 kcc-1 174626_at R13A1.2 3.98   Potassium/Chloride co-transporter 
 elt-3 175801_at K02B9.4a 3.96   GATA transcription factor 
 Y110A2AL.4 187531_at Y110A2AL.4a 3.94   Unkown 
   175367_s_at Y110A2AL.4a 3.07   Unkown 
 F35G2.1a.1 174644_at F35G2.1a 3.94   Thiol-disulfide isomerase and thioredoxins 
 ugt-21 191251_at C33A12.6 3.94   UDP-GlucuronosylTransferase 
 ifb-1 192149_s_at F10C1.2a 3.91   Intermediate Filament, B 
 F22H10.2 184400_at F22H10.2 3.87   Unkown 
 F49E2.2b 174191_at F49E2.2b 3.87   Unkown 
 F14H12.3 176786_at F14H12.3 3.87   Thrombospondin-like 
   176787_s_at F14H12.3 3.50   Thrombospondin-like 
 nhr-11 174023_at ZC410.1a 3.85   Nuclear hormone receptor 
 C29F3.7a 177487_at C29F3.7a 3.85   Unkown 
 Y73F4A.2 184098_s_at Y73F4A.2 3.84   Unkown 
 che-14 174657_s_at F56H1.1 3.83   Sterol-sensing domain and similar to Dispatched 







zig-4 192568_at C09C7.1 3.81   Secreted immunoglobulin-domain protein 
 ttm-2 181052_at F26G1.4 3.81   Toxin-regulated Targets of MAPK 
 sams-1 174812_at C49F5.1 3.76   S-Adenosyl Methionine Synthetase/methyl-group donor 
   192493_s_at C49F5.1 3.37   S-Adenosyl Methionine Synthetase/methyl-group donor 
 T01B11.2a.1 190153_s_at T01B11.2a 3.74   Predicted alanine-glyoxylate aminotransferase 
 acbp-3 191624_at F47B10.7 3.73   Acyl-CoA-binding protein 
 hsp-17 189735_at F52E1.7a 3.73   Molecular chaperone 
 ins-18 193494_at T28B8.2 3.72   Insulin/IGF-like peptides 
 cyp-43A1 189413_at E03E2.1 3.70   Cytochrome P450 CYP3/CYP5/CYP6/CYP9 subfamilies 
 C01B10.3 185295_s_at C01B10.3 3.67   Inositol Polyphosphate 5-Phosphatase  
 C56E6.2 188849_at C56E6.2 3.65   Unkown 
 ptr-23 174816_at ZK270.1 3.65   PaTched Related family 
   171956_s_at ZK270.1 3.05   PaTched Related family 
 F59B1.8 183263_s_at F59B1.8 3.65   Unkown 
 T25F10.3 175193_at T25F10.3 3.64   Unkown 
 F41E6.11 185537_at F41E6.11 3.62 11.55 Unkown 
 Y71G12B.6 176564_at Y71G12B.6 3.61   Unkown 
 Y37D8A.16 185357_at Y37D8A.16 3.61   Unkown 
 lips-10 177829_at F14E5.5 3.59   Triacylglycerol lipase 
 ugt-9 191776_at T19H12.1a 3.59   UDP-GlucuronosylTransferase 
 prk-2 175163_at F45H7.4 3.57   Serine/threonine protein kinase 
 C25F9.5.1 178755_s_at C25F9.5 3.57   Unkown 
 F45D3.4a.1 173550_at F45D3.4a 3.56   Unkown 
 M03A8.3 175140_at M03A8.3 3.56   Unkown 
 F13H6.3 189525_s_at F13H6.3 3.55   Unkown 
 F09C6.3 179593_at F09C6.3 3.55   Unkown 
 C54E4.5 183190_at C54E4.5 3.54   Inositol oxygenase 
 F11E6.8 174218_at F11E6.8 3.54   Serine/threonine protein kinase 
 R02F11.1 185334_s_at R02F11.1 3.54 4.55 Keratin-associated protein 
 T24B8.4 174808_at T24B8.4 3.53   Actin binding WH2 domain-containing 
 T07C4.3 175144_at T07C4.3b 3.50   Unkown 
 C18E9.7 173869_at C18E9.7 3.49   Collagen 
 ets-4 174603_at F22A3.1b 3.47   ETS class transcription factor 
 lrp-1 171791_at F29D11.1 3.47   Low-density lipoprotein RecePtor related 
 T05H10.3 173572_s_at T05H10.3 3.47   Unkown 







rhgf-2 171894_x_at T08H4.1 3.46   RHo Guanine nucleotide exchange Factor 
 abu-11 173482_s_at T01D1.6 3.44   Transmembrane protein; Q/N-rich domain; Cysteine-rich domain 
 F22H10.3 184289_at F22H10.3 3.44   Unkown 
 acs-12 189731_at F25C8.4 3.43   Fatty Acid CoA Synthetase family 
 F53B3.5 174415_at F53B3.5 3.42   Claudin homolog 
 tdo-2 192112_s_at C28H8.11a 3.42   Tryptophan 2,3-dioxygenase 
 twk-11 181572_s_at F20A1.7a 3.39   TWiK family of potassium channels 
 nep-12 188732_at F26G1.6 3.38   neprilysin; thermolysin-like zinc metallopeptidases 
 pgp-8 189037_at T21E8.3 3.38   ATP-binding protein; ABC transporter superfamily 
 F28H7.6 178073_s_at F28H7.6 3.37   EGF receptor L domain 
 F52H3.5 179402_at F52H3.5 3.37   TPR repeat-containing protein  
 eps-8 174712_at Y57G11C.24h 3.35   EPS (human endocytosis) related; PTB domain; actin-binding domain 
 R06A10.4 189312_at R06A10.4 3.34   Ca2+/calmodulin-dependent protein kinase 
 C18E9.9 179607_at C18E9.9 3.33   Unkown 
 cht-1 171912_x_at C04F6.3 3.33   Chitinase-1 
 tni-4 174843_at W03F8.1 3.32 6.36 TropoNin I; 
 pqn-71 178666_at T23F1.6 3.30 7.10 Q/N-rich domain 
 ttm-5 176217_at Y54E5A.1 3.29   Toxin-regulated Targets of MAPK 
 K08D8.6 177701_s_at K08D8.6 3.29   Unkown 
 cpi-1 189734_at K08B4.6 3.28 4.97 Cysteine protease inhibitors (cystatins) 
 C05D12.1 184125_at C05D12.1 3.28   Unkown 
 F13B12.4 190615_s_at F13B12.4 3.28   Putative cysteine synthase 
 inx-3 175724_s_at F22F4.2 3.27   innexin, gap junction protein 
 F52D10.2 174450_at F52D10.2 3.24   Unkown 
 nlp-28 172375_x_at B0213.3 3.24   Neuropeptide-like protein 
 nlp-29 172375_x_at B0213.4 3.24   Neuropeptide-like protein 
 C55A1.6 178619_at C55A1.6 3.21   Unkown 
 cdc-14 174820_s_at C17G10.4c 3.20   Dual-specificity phosphatase 
 pqm-1 192333_at F40F8.7 3.19   C2H2-type zinc finger and leucine zipper-containing protein 
 C44C10.9a 183189_s_at C44C10.9a 3.19   Unkown 
 K11H12.4 184313_s_at K11H12.4 3.18   Unkown 
 fbxc-55 186073_at Y27F2A.5 3.18   F-box C protein 
 F43D9.1 189198_s_at F43D9.1 3.17   Patched domain containing protein 
 lagr-1 183764_at Y6B3B.10 3.17   Protein transporter of the TRAM superfamily 
 ajm-1 175053_at C25A11.4b 3.16   Apical junction molecule;  coiled-coil motif 







C54G4.4 188960_s_at C54G4.4 3.14   C-type lectin 
 D1044.7 174417_s_at D1044.7 3.13   Unkown 
 pqn-25 174417_s_at D1044.3 3.13   Q/N-rich domain 
 gem-4 175462_s_at T12A7.1 3.13   Ca2+-dependent phosphatidylserine binding protein (copine) 
 F46F11.7 184462_at F46F11.7 3.12   Teneurin-1 and related extracellular matrix protein 
 spin-2 192859_at C39E9.10 3.12 5.07 SPINster (Drosophila lysosomal permease) homolog  
 zip-5 193844_at C34D1.5a 3.11   bZip transcription factor 
 F26G1.2 181202_at F26G1.2a 3.11   Unkown 
 F53A9.6 172363_x_at F53A9.6 3.10   Unkown 
 F53A9.7 172363_x_at F53A9.7 3.10   Unkown 
 ZK896.5 177681_s_at ZK896.5 3.10   Unkown 
 lpr-4 177916_at W04G3.3 3.07   LiPocalin-Related protein 
 ZK829.9 189819_s_at ZK829.9 3.07   Unkown 
 ctg-1 175572_s_at H06O01.3 3.07   CRAL/TRIO and GOLD domain containing 
 C44E12.1 185117_at C44E12.1 3.07   Unkown 
 clec-180 192712_at F32E10.3 3.06   C-type lectin 
 glf-1 186362_s_at H04M03.4 3.05   UDP-galactopyranose mutase 
 pqn-35 185356_at F35D11.2a 3.04   Q/N-rich domain 
 nhr-25 175663_at F11C1.6a 3.04   Nuclear hormone receptor 
 T03F1.6a 175358_s_at T03F1.6a 3.03   Unkown 
 F35E12.4 180690_at F35E12.4 3.02   Unkown 
 E02C12.8 185273_at E02C12.8a 3.02   Unkown 
 F53A9.3 181283_at F53A9.3 3.02 7.11 Unkown 
 cnp-3 183310_s_at T23C6.3 3.02   CalciNeurin binding Protein 
 gpa-12 193594_at F18G5.3 3.02   G protein alpha subunit of heterotrimeric GTPases 
 fasn-1 174796_at F32H2.5 3.01   Fatty acid synthase 
 oac-14 177903_s_at F09B9.1 3.01   O-ACyltransferase homolog 
 C05C8.7 174811_at C05C8.7 3.00   Unkown 
 
       
       
       
       
       
       
       
       






Table 8.3 The comparison of the expression levels of TRN genes between ALM and PLM neurons 
Gene ALM/PLM fold change 
smFISH dots in 
ALM 
smFISH dots in 
PLM Function 
poml-1* 4.84 5.1  ± 1.3 2.8  ± 1.2 paraoxonase-like proteins 
mec-19 3.7     membrane protein; negative regulator of MEC-4 
mec-1 3.95     EGF and Kunitz domain-containing ECM protein 
mec-3* 2.97 19.2 ± 2.9 16.3  ± 2.0 LIM homeodomain transcription factor 
alr-1* 2.67 8.4  ± 1.4 6.7  ± 1.2 homeodomain transcription factor  
mec-8 2.66     splicing factor 
mec-18* 2.51 27.5  ± 3.1 23.4  ± 2.5 similar to luciferase and 4-coumarate coA ligase 
mec-9 2.5     EGF and Kunitz domain-containing ECM protein 
mec-14 2.44     putative Shaker-type potassium channels 
ptl-1 2.43     microtubule-binding protein 
mec-2* 2.43 12.4  ± 1.2 9.6  ± 1.2 stomatin-like domain protein 
unc-24 2.32     stomatin-like domain protein 
mtd-1 2.17     novel transmembrane protein 
mec-12 2.14     alpha-tubulin 
unc-86 2.11     POU domain transcription factor 
mec-10 2.1     DEG/ENaC channel protein 
mec-4* 1.79 17.6  ± 1.6 15.2  ± 1.7 DEG/ENaC channel protein 
mec-6 1.62     paraoxonase-like proteins 
mec-17 1.58     alpha-tubulin acetyltransferase 
mec-15 1.28     F-box protein with WD repeats 
mec-7 1.25     beta-tubulin 
mec-5 1.06     collagen 
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Abstract
Although epigenetic control of stem cell fate choice is well established, little is known about epigenetic regulation of
terminal neuronal differentiation. We found that some differences among the subtypes of Caenorhabditis elegans VC
neurons, particularly the expression of the transcription factor gene unc-4, require histone modification, most likely H3K9
methylation. An EGF signal from the vulva alleviated the epigenetic repression of unc-4 in vulval VC neurons but not the
more distant nonvulval VC cells, which kept unc-4 silenced. Loss of the H3K9 methyltransferase MET-2 or H3K9me2/3
binding proteins HPL-2 and LIN-61 or a novel chromodomain protein CEC-3 caused ectopic unc-4 expression in all VC
neurons. Downstream of the EGF signaling in vulval VC neurons, the transcription factor LIN-11 and histone demethylases
removed the suppressive histone marks and derepressed unc-4. Behaviorally, expression of UNC-4 in all the VC neurons
caused an imbalance in the egg-laying circuit. Thus, epigenetic mechanisms help establish subtype-specific gene
expression, which are needed for optimal activity of a neural circuit.
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Introduction
Epigenetic regulation of gene expression, e.g., through histone
modification, is essential to silence key developmental genes,
prevent neural differentiation, and maintain the pluripotency of
embryonic stem cells (ESCs) [1]. For example, methylation on the
lysine 27 of histone 3 (H3K27) suppresses the expression of genes
required for the neural lineage and prevents the differentiation of
the mammalian ESCs into neural precursor cells (NPCs); ESCs
deficient in the Polycomb-group (PcG) proteins, which promote
H3K27 trimethylation, show an increased propensity to differen-
tiate [2,3]. H3K27 trimethylation and histone deacetylaiton are
also responsible for silencing neuron-specific genes and inhibiting
neurogenesis during the differentiation of NPCs into astroglial cells
[4]. Despite the importance of epigenetic control in the cell fate
choice of stem cells or neural precursor cells, the involvement of
chromatin modification in the terminal differentiation of neurons
has not been reported.
Here we show that histone methylation restrains the expression
of a functionally important transcription factor (TF) in a specific
neuronal subtype in Caenorhabditis elegans. Within the ventral cord
of C. elegans the six VC motor neurons help control egg laying [5].
VC neurons can be categorized into two subtypes according to
their proximity to the vulva, their morphology, and their gene
expression. The vulva VC neurons, VC4 and VC5, flank the
vulva, have short processes in the ventral cord, and send branched
processes dorsally along the vulval hypodermis on each side of the
vulval slit. In contrast, the nonvulval VC neurons, VC1-3 and
VC6, which are more distant from the vulva, send less-branched
processes to the vulva and have longer processes in the ventral
cord. All VC axons extend dorsal branches that innervate vm2
vulval muscles, but only VC1-3 and VC6 innervate ventral body
muscles. All VC neurons generate acetylcholine (ACh), but its
activity is only known for the vulval VC cells where it acts as a
neuromodulator that inhibits the activity of egg-laying-inducing
HSN motor neuron [5]. In addition, only the vulval VC cells
release serotonin to activate vulval muscle and promote egg laying
[5]. Since loss of VC4 and VC5 neurons increases egg laying [6],
their overall activity is biased toward inhibition.
We find that the vulval VC neurons, but not the nonvulval VC
neurons, express the TF UNC-4 and that this expression is
determined by both external signals from the vulva, which trigger
unc-4 transcription in the adjacent vulval VC neurons through
EGF signaling, and internal histone methylation, which silences
unc-4 in the nonvulval VC neurons in the absence of EGF signals.
Mutation of the H3K9 methyltransferase MET-2, the human HP1
homolog HPL-2 and the MBT repeats-containing protein LIN-61,
which are recruited to H3K9me2/3, and a novel chromodomain
protein CEC-3 leads to the loss of subtype-specificity of unc-4
expression; the gene is expressed in all six VC neurons. Epigenetic
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silencing of unc-4 occurs initially in all six neurons, but is relieved
in the vulval VC cells due to the action of EGF signaling and the
LIM domain TF LIN-11. Functionally, this release of epigenetic
silencing of unc-4 expression in the vulval VC neurons helps
balance the choice between egg retention and egg laying.
Results
Only the vulval VC neurons express unc-4
The transiently expressed UNC-4 homeodomain protein plays
an important role in the differentiation and synaptic formation of
ventral nerve cord motor neurons in C. elegans [7]. To monitor the
dynamics of unc-4 expression pattern, we used a 2.5 kb promoter
of the unc-4 gene (unc-4p) to drive the expression of a rapidly
degraded form of GFP (uIs45; [8]). When compared to the
transgene of unc-4 promoter-driven regular GFP, the expression
from uIs45 labeled far fewer cells at nearly every developmental
stage (Figure S1). uIs45 expression began in DA neurons in 3-fold
embryos and lasted until the middle of first larval (L1) stage. The
reporter was expressed next in the VA neurons beginning with the
most anterior cells during the L2 stage. This expression was lost
soon afterward; by the late L2 stage the most posterior VA
neurons had expressed and then lost the reporter (Figure S2).
Although head neurons SAB, AVF, and I5 constantly expressed
the reporter throughout the larval and adult stages, virtually no
ventral cord neurons expressed it from the L3 to early L4 stage.
The reporter was expressed in VC4 and VC5 (the vulval VC
neurons; Figure 1A) beginning at the same time as anchor cell
invasion in early L4 animals. The expression stabilized in the mid-
L4 when the hermaphrodite vulva formed (Figure 1A) and lasted
throughout adulthood. The reporter was not observed in the other
VC neurons at any time. In males, no ventral cord neuron
expresses the reporter after L3 stage despite the expression in VA
and DA neurons during earlier larval stages.
Genetic screen identified mutants with abnormal unc-4
expression pattern
We screened F2 animals representing 25,000 haploid genomes
after EMS mutagenesis for mutants with increased expression of
uIs45 in adult ventral cord neurons. Twenty-three mutants had
more than the two neurons found in the parent strain (Table S1).
Twelve mutants with strong phenotypes were identified by whole
genome sequencing (see Methods) and had defects in three genes
(pqe-1, cec-3, and ceh-20). The remaining eleven mutants have
either weak phenotypes or low penetrance and were not studied
further; all complemented null alleles of pqe-1, cec-3, and ceh-20.
Of the twelve mutants we analyzed, the eight pqe-1 mutants and
the two cec-3 mutants expressed uIs45 in all six VC neurons,
whereas the two ceh-20 mutants prolonged uIs45 expression in
adult VA neurons (Figure S3). In this paper we focus on the
abnormal activation of unc-4 promoter in the VC neurons and the
mechanisms inhibiting unc-4 expression in these neurons.
Mutation of pqe-1 results in ectopic unc-4 promoter
expression in all six VC neurons
pqe-1 was originally identified as a modifier of polyglutamine
neurotoxicity; mutation of pqe-1 significantly enhanced polygluta-
mine-induced neurodegeneration of the ASH neurons [9]. All
eight alleles in our screen harbored nonsense mutations and
caused uIs45 expression in all six adult VC neurons with 100%
penetrance (Table S1; Figure 1B). The allele u825 was used in
subsequent studies. The extra GFP-expressing cells in these
animals were identified as the VC1-3 and VC6 neurons because
the labeled cells were in the correct anatomical positions and
hermaphrodite-specific. Furthermore, the expression of a RFP
version of uIs45 overlapped with the expression of the VC marker
vsIs13[lin-11p::pes-10p::GFP] [6] in these extra cells, confirming
their identity (Figure S4).
The pqe-1 gene encodes two isoforms: the a isoform has a
glutamine/proline-rich domain, whereas the b isoform has an
additional C-terminal RNA exonuclease domain ([9]; Figure 1C).
Because, ok1983, an allele that deletes a large portion of both
isoforms and causes a subsequent frame shift, produced the same
ectopic uIs45 expression as our eight pqe-1 alleles, all these alleles
are likely to be null alleles. Additionally, since expression of the
pqe-1a isoform from the VC-expressed promoter lin-11p::pes-10p,
which contains a 500 bp lin-11 enhancer and a pes-10 basal
promoter [6], prevented the ectopic unc-4 expression, PQE-1 acts
cell-autonomously and does not require the exonuclease domain
(Figure 1B). Consistent with cell-autonomous activity, 4.7 kb of
DNA upstream of the start codon of pqe-1 drove RFP expression in
ventral cord neurons including the VC neurons (Figure S5) and in
head and tail neurons. Because lin-11p::pes-10p is also expressed in
2u vulval cells, uterine pi cell progeny, and the spermatheca, we
repeated the rescue experiments by expressing pqe-1a(+) from the
ida-1 promoter [10], which is expressed in many neurons but only
overlaps with the expression pattern of lin-11p::pes-10p in the VC
cells. We obtained similar results (data not shown). In this paper
we show results of VC cell-specific rescue experiments with the lin-
11p::pes-10p promoter, but all of the results were confirmed with
ida-1 promoter-driven transgenes. Moreover, to rule out the
possible non-cell autonomous interactions among the VC neurons,
which synapses on one another [11], we also performed mosaic
analyses on pqe-1(u825); uIs45 animals with an extragenic pqe-1(+)
array (see Text S1 for the method). In the 15 mosaic animals we
examined, all VC1-3 and VC6 cells lacking the rescuing array
expressed GFP strongly, suggesting that pqe-1 acts cell autono-
mously.
Chromodomain proteins and histone methyltransferases
also restrict unc-4 VC expression
The nonsense mutation cec-3(u830) produced the same pheno-
type as the pqe-1 mutations. cec-3 encodes a chromodomain-
containing protein. The ok3432 allele, which deletes the start
codon of CEC-3 gave the same ectopic expression of uIs45 in all
Author Summary
As neurons differentiate they express specific genes that
give them their distinctive shapes, activities, and functions.
Much of this differentiation is controlled by the expression
of transcription factors, proteins that turn on the expres-
sion of other genes. We find, however, that another aspect
of terminal neuronal differentiation is the removal of
inhibitory constraints on gene expression. These con-
straints often involve the modification of DNA or of
general DNA binding proteins such as histones. This
modification, referred to as epigenetic regulation, can
activate or inactive genes without changing the genetic
material. We found that the differentiation of nematode
motor neurons was affected by genes involved in histone
modification. Specifically, a gene that is needed in a subset
of the motor neurons is initially turned off in all cells by
histone modification. Mutation of histone modification
genes causes the gene to be on in all cells. Normally,
however, this removal of the inhibition is triggered by an
external signal that only affects the specific cells.
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adult VC neurons (Figure 1D and 1E) and failed to complement
u830, suggesting that u830 is also a null allele. Moreover, CEC-3
expression in VC neurons restored the normal unc-4 promoter
expression pattern, indicating that it acts cell-autonomously in the
VC neurons (Figure 1D). As with pqe-1, mosaic analysis confirmed
the cec-3 cell autonomy in individual VC cells (data not shown).
Because the CEC-3 protein has a chromodomain, a domain
which binds to repressive histone modifications and generally
mediates transcriptional suppression [12], we suspected that the
abnormal expression of uIs45 in cec-3 mutants resulted from
dysregulation of epigenetic silencing. Indeed, mutants defective in
the histone H3K9 methyltransferase gene met-2 [13] did express
uIs45 in all VC neurons (Figure 2A). Mutations in another histone
methyltransferase MET-1, which mainly promotes H3K36
methylation [14] but affects the abundance of H3K9 methylation
[13], also resulted in ectopic unc-4 expression. The met-2 animals
showed higher penetrance and brighter GFP expression in VC1-3
and VC6 cells than the met-1 mutants (Figure 2A and 2C),
Figure 1. Mutation of pqe-1 and cec-3 leads to ectopic expression of unc-4 in all VC neurons. (A) Expression of MDM2::GFP from uIs45[unc-
4p::MDM2::GFP] in VC4 and VC5 neurons at various stages of vulval developmental. The lower image represents signals from the GFP channel, while
the upper image is a DIC image. Letter ‘‘v’’ and ‘‘u’’ represents vulva and uterus. (B) Expression of uIs45 in adults from wild type, pqe-1(u825), pqe-
1(ok1983), and pqe-1(u825) with pqe-1a isoform driven by a VC-specific promoter. Scale bar = 100 mm. (C) The structure of the pqe-1 gene, the position
of predicted domains, and the positions of the u825 and ok1983 mutations. (D) Expression of uIs45 in adults of two different cec-3 mutants and cec-
3(u830); uIs45 animals with cec-3(+) driven by a VC-specific promoter. Scale bar = 100 mm. (E) The structure of cec-3 gene, the position of
chromodomain, and the positions of the u830 and ok3432 mutations.
doi:10.1371/journal.pgen.1004017.g001
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consistent with previous reports that MET-2 plays a major role in
promoting H3K9 methylation, whereas MET-1 is a minor
contributor [13].
MET-2 is the C. elegans homolog of human SETDB1 and
Drosophila Eggless [15], which specifically trimethylate H3K9 and
contribute to HP1-mediated silencing of euchromatic genes [16].
Andersen et al. [13] found that met-2 mutant embryos had
significantly less H3K9 trimethylation. Towbin et al. [17],
however, subsequently showed that MET-2 was specific to mono-
and di-methylation of H3K9, and another histone methyltrans-
ferase (HMT), SET-25, mediated H3K9 trimethylation in the
germ line and embryos. We found that set-25 mutants did not
show ectopic unc-4 expression (Figure 2C), suggesting H3K9
dimethylation may be mainly responsible for the repression of unc-
4 in VC1-3 and VC6. Because we cannot rule out the possibility
that MET-2 or some other HMTs promote H3K9 trimethylation
in adult VC cells to silence unc-4, we have designated the
modification caused in the VC cells as H3K9me2/3.
Loss of MET-1 affects both H3K36 and H3K9 trimethylation
in embryos [13] and either or both activities could be important
for the effect on unc-4 expression. If the action of MET-1 is direct,
the latter activity is likely to be important for the repression of unc-
4, since 1) H3K36me3 is an epigenetic mark present in the coding
sequence of actively transcribed genes [18]; and 2) mutation of
mes-4, another HMT responsible for at least germline and embryo
H3K36me3 [19], did not result in ectopic unc-4 expression (data
not shown). A more indirect effect of MET-1, however, involving
H3K36 trimethylation may also occur.
We also examined mutants defective in other chromodomain-
containing proteins, which are thought to be tissue or gene specific
[20], and found that mutation of hpl-2 but not others genes in this
family led to similar ectopic expression of uIs45 (Figure 2B and
2C). HPL-2 is the C. elegans homolog of human HP1 and is known
to be recruited to H3K9me2/3 [21,22]. Therefore, this result
suggests that HPL-2 and perhaps the other chromodomain protein
CEC-3 mediate the transcriptional repression of unc-4 through
H3K9 methylation in VC1-3 and VC6 neurons. In addition,
mutation of genes encoding the components of the Polycomb-like
chromatin repressive complex (mes-2, mes-3, and mes-6), which
promote H3K27 methylation, did not cause ectopic unc-4
expression (n.50 for each mutant). Similarly, treatment with
histone deacetylase inhibitors (valproic acid or Trichostatin A) had
Figure 2. Ectopic expression of unc-4 in all six VC neurons in animals with mutations affecting chromodomain proteins and histone
methyltransferases. (A) Expression of uIs45 in met-2(n4256) and met-1(n4337) adults. Scale bar = 100 mm. (B) Illustration of the wild-type and
ectopic unc-4 expression pattern in adult animals. Filled circles represent cells that express uIs45. (C) The penetrance of the phenotype of unc-4
ectopic expression in various mutants.
doi:10.1371/journal.pgen.1004017.g002
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no effect on the expression pattern of unc-4 (n.50 in both cases).
Therefore, H3K9 methylation may contribute most to the
silencing of unc-4.
Mutation of pqe-1, cec-3 and met-2 elevates unc-4
transcription in VC1-3 and VC6 neurons
Yamada et al. reported that pqe-1 mutations increased transgene
expression but not endogenous gene expression [23]. In contrast,
using single molecule fluorescence in situ hybridization, which
individually labels at least 80% of the cellular mRNA [24], we
found that the level of endogenous unc-4 transcripts increased
(Figure 3). VC1-3 and VC6 neurons in wild-type animals
contained less than three fluorescently labeled unc-4 mRNA
molecules (VC1: 2.460.3, VC2: 2.860.4, VC3: 2.560.4, and
VC6: 2.760.4; mean 6 SEM, N = 20), whereas VC4 and VC5
had about 11 labeled unc-4 transcripts (VC4: 10.960.5; VC5:
10.660.5). All VC neurons in pqe-1, cec-3 and met-2 mutants had
.12 unc-4 transcripts. These results confirmed that unc-4
expression was significantly upregulated in VC1-3 and VC6
neurons in pqe-1, cec-3, and met-2 mutants and that uIs45 truly
monitored endogenous unc-4 promoter activity.
Mutation of a subset of synMuv B genes also caused
ectopic unc-4 expression
In addition to regulating unc-4 expression in the VC neurons,
hpl-2, met-1, and met-2 also repress transcription of lin-3/EGF,
which induces vulval development [13,25]. Because all three genes
are synMuv B genes (mutation of any of them, together with a
mutation in a synMuv A gene, leads to a synthetic multivulva
phenotype [26]), we tested whether other genes regulating vulval
development also controlled unc-4 expression. Indeed, mutation of
four other synMuv B genes, but no synMuv A genes, caused
ectopic expression of unc-4p::MDM2::GFP in the VC neurons
(Figure 2C). The four synMuv B genes were efl-1/E2F, which
encodes a transcriptional repressor [27]; lin-13, which encodes a
zinc-finger protein that forms a complex with HPL-2 and helps
localize HPL-2 to certain genomic loci [28]; lin-61, which encodes
a protein with four malignant brain tumor repeats that bind to di-
and tri-methylated H3K9 [29,30] and interacts genetically with
hpl-2 and met-2 in vulva development [30]; and lin-65, which
encodes a large acid-rich protein that lacks obvious similarity to
non-nematode proteins [31].
pqe-1 and cec-3 were not, however, synMuv genes. Loss of either
pqe-1 or cec-3 in the background of a class A or class B synMuv
mutant, such as lin-15A or lin-15B, respectively, did not give a
multivulva phenotype (data not shown). Thus, vulval and VC
development utilize genetic pathways with overlapping yet
divergent regulatory roles.
pqe-1 acts similarly to genes involved in epigenetic
silencing
PQE-1 and proteins involved in chromatin modification and
remodeling acted similarly in several different situations. cec-3, met-
2, and lin-13 mutations, like pqe-1 mutations [23], enhanced
transgene expression in AIZ neurons (Figure S6A), suggesting
these genes act together to inhibit transcription. Similarly, loss of
cec-3, met-1, met-2 and lin-13, like loss of pqe-1 [9], enhanced
polyglutamine (polyQ) repeat-induced neurodegeneration in ASH
neurons (Figure S6B; see Text S1 for the method). Moreover,
Bates et al. found that mutation of several histone deacetylases
increased this polyQ-dependent neurodegeneration [32], indicat-
ing that histone modification-induced transcriptional suppression
was generally protective for polyQ-mediated neuronal cell death.
The fact that PQE-1 shares similar functions with HMT and
chromodomain protein hints that PQE-1 may also regulate
chromatin silencing.
The vulva-inducing signal triggers unc-4 expression in VC
neurons
The morphological differentiation of VC neurons requires
guidance cues from vulval cells [33]. Only the vulva-flanking VC4
and VC5 neurons branch into the vulval region and innervated
vulval muscle in wild-type animals. However, when the vulva is
displaced anteriorly to lie between VC3 and VC4 in dig-1 mutants,
the axonal branching occurs in the now vulva-flanking VC3 and
VC4 neurons, but not in VC5 [33].
unc-4 expression in VC neurons also depended on similar
external cues. In dig-1 mutants, VC3 and VC4 neurons flanked the
misplaced vulva and expressed unc-4, whereas VC5, which was no
longer adjacent to the vulva, did not express unc-4 (Figure 4A).
Moreover, the positions of VC neurons were not changed in dig-1
animals, and only VC3 and VC4 underwent morphological
differentiation and migrated toward the vulva. These results
indicate that the proximity to the vulva determines which VC
neurons become the vulval subtype and activate unc-4 transcrip-
tion.
We also examined five Muv mutants, defective at various points
in the pathway that controls vulval induction and development,
and found they expressed uIs45 in VC neurons flanking both the
vulva and pseudovulvae (Figure 4B and 4C). Thus, the unc-4
expression pattern in VC neurons is regulated by signals from
vulval tissue. In addition, VC neurons flanking the pseudovulva,
such as VC3 in lin-15AB animals, extended axons to ectopic vulval
muscles, mimicking the normal differentiation of vulva-flanking
VC4 and VC5 (Figure 4D). Since these morphological changes
were not observed in ectopic VC neurons that expressed unc-4 in
pqe-1 or cec-3 or other mutant animals (Figure 4D), unc-4
expression was not sufficient to induce these morphological
changes. Moreover, both we and Bany et al. [6] found no defects
in VC axonal processes in unc-4 mutants, suggesting that unc-4 was
not needed for VC morphological differentiation. Other genetic
pathways may control the axonal outgrowth of the vulval VC
neurons. Therefore, the epigenetic regulation of unc-4 does not
determine all the aspects of VC subtype identity.
EGFR signaling induces unc-4 expression in vulval VC
neurons
Since EGFR/RAS/MAPK signaling induces vulval develop-
ment and differentiation [34], we tested whether mutation of genes
in this pathway eliminated the expression of unc-4 in VC4 and
VC5 neurons. Indeed, animals defective in lin-3/EGF and let-23/
EGFR, which are vulvaless, failed to express uIs45 in VC4 and
VC5 (Figure 4C and S7A). let-60/RAS and lin-45/RAF mutant,
which lack downstream effectors of EGFR, also failed to express
unc-4 in vulval VC neurons (Figure 4C and S7B). Importantly, unc-
4 expression in VC4 and VC5 neurons was restored in animals
with hypomorphic alleles of let-60 and lin-45 by VC-specific
expression of the respective wild-type gene, indicating that the
EGFR/RAS/RAF signaling cascade functions cell-autonomously
in VC neurons (Figure 4C and S7C).
unc-4 expression was also absent in VC neurons in mutants of
sem-5/GRB2 (encoding an adaptor protein that links RAS to
EGFR; [35]) and mek-2/MAPKK (encoding the downstream kinase
of RAS; Figure 4C; [36]). Using the VC marker vsIs13, we have
confirmed the presence of the six VC neurons in all the mutants
that have diminished unc-4 expression in these cells (data not
Epigenetic Regulation of Terminal Differentiation
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shown). These results further support the hypothesis that EGFR
signaling is essential for inducing unc-4 transcription in the VC4
and VC5 neurons. The expression of unc-4 in the SAB, AVF, and
I5 head neurons was not affected by mutations of the EGFR
pathway, indicating that other mechanisms maintain the constant
expression of unc-4 in these neurons.
We next searched for the origin of the LIN-3/EGF signal that
activates unc-4 expression in VC neurons during vulval develop-
Figure 3. Endogenous unc-4 transcripts accumulate in all six VC neurons in pqe-1, cec-3, and met-2 mutants. (A) Fluorescently labeled
unc-4 mRNA is found in VC4 but not VC3 neurons in wild-type animals, but in both cells in pqe-1 mutants. (B) Average number of fluorescently
labeled unc-4 mRNA transcripts in each VC neurons from wild-type, pqe-1, cec-3, and met-2 animals (n$20).
doi:10.1371/journal.pgen.1004017.g003
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ment. The two known sources of LIN-3 in vulval development
are the anchor cell, which secretes LIN-3 at the middle to late
L3 stage to induce primary vulval cell fate and pattern the
vulval precursor cells [37] and the vulF cells, which secretes
LIN-3 to signal the presumptive uv1 cells [38]. The anchor cell
is likely not the source of LIN-3 for unc-4 expression in the
vulval VC neurons because unc-4 expression occurred much
later, after vulval precursor patterning was completed and the
anchor cell invasion had started. Laser ablation of vulF cells
caused the loss of unc-4 expression in the VC4 and VC5
neurons (Figure 5A), suggesting that vulF cells are responsible
for releasing EGF that activates unc-4. Moreover, the vulF cells,
which are physically adjacent to the vulval VC neurons, are
correctly positioned to activate unc-4 expression in the latter
cells with high concentrations of LIN-3/EGF. To further
confirm the importance of vulF cells in inducing unc-4, we
examined lin-12d mutants, in which all the six vulval precursor
cells adopt the 2u vulval cell fate and the 1u lineage progeny
vulF cells are not generated [39]. The strong lin-12d allele n137
caused a multivulva phenotype but had no unc-4 expression in
any VC cells (N = 35 animals); the weaker lin-12d allele n302
resulted in a vulvaless phenotype and the elimination of unc-4
expression in VC4 and VC5 neurons (95% of 78 animals
lacked expression in these cells). These results support the
hypothesis that vulF cells are the source of the developmental
signal that activates unc-4.
unc-4 expression requires LIN-11
We next wanted to identify the transcription factor (TF) that
regulates unc-4 expression in vulval VC cells. Although the ETS-
domain-containing TF LIN-1 is a known nuclear target of the
EGFR/RAS/MAPK signaling in vulval differentiation [40], loss
of lin-1 caused ectopic unc-4 expression in nonvulval VC neurons
and a multivulva phenotype instead of diminishing unc-4
transcription (Figure 4C), suggesting that another TF may be
involved in activating unc-4 transcription. We screened six TFs (egl-
18, lin-11, tag-97, zag-1, vab-15, and hlh-3) known to be expressed
in VC neurons and found that mutation of lin-11, which encodes a
LIM homeodomain protein [41], eliminated uIs45 expression in
VC4 and VC5 (Figure 5B). Expression of lin-11(+) using lin-
11p::pes-10p, which is active in VC neurons but transiently
expressed in the developing vulval cells, mainly the vulC and
vulD cells but not the vulF cells [42], produced a normal unc-4
expression pattern in lin-11 mutants (Figure 5C). We obtained a
similar rescue using the ida-1 promoter, which is expressed in
many neurons, including the VC neurons, but not vulval cells
(data not shown). Thus, the action of lin-11 on unc-4 expression
was cell autonomous.
lin-11 expression in VC neurons started at the L2 stage (these
cells are generated in the L1 stage) and all of the six VC neurons
continued to express lin-11 in subsequent larval and adult stages
(Figure 5D). In contrast, unc-4 expression in the vulval VC neurons
began in the L4 stage and was absent in the nonvulval VC
Figure 4. unc-4 expression in the vulval VC neurons depends on signals from the developing vulva. (A) Expression of uIs45 and VC
marker vsIs13 in dig-1(n1321) adults. The asterisk marks the position of the vulva. Scale bar = 100 mm. (B) uIs45 expression in let-60gf(n1046) and let-
23gf(sa62) multivulva adults. In the DIC images, the asterisk marks the real vulva, and thick white arrows point to pseudovulvae. (C) uIs45 expression
and penetrance in wild type and mutant animals. Filled circles represent cells that express uIs45. % defect denotes the percentage of total animals
showing the defect. Double asterisks indicate that the two-tailed P value is less than 0.01 in a Fisher’s exact test. (D) The morphology of VC neuron
processes in cec-3(u830); uIs45 and lin-15AB(n765); uIs45 animals. The middle panel shows the branching of VC3 process into the pseudovulva in lin-
15AB(n765) mutants. Scale bar = 20 mm.
doi:10.1371/journal.pgen.1004017.g004
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neurons, which also expressed LIN-11. Therefore, LIN-11 alone
was not sufficient to activate unc-4 transcription. Either LIN-11
induction of unc-4 expression requires LIN-11 activation (e.g.,
through post-translational modification, other coactivators) or
changes to downstream genes that allow it to act. Apparently
upstream EGFR signaling is needed for these changes.
Epigenetic silencing of unc-4 is independent of the
inductive EGFR pathway
Because genes affecting EGFR signaling activate unc-4 expres-
sion and epigenetic factors maintain unc-4 silencing in non-vulval
VC neurons, we examined the relationship between these two
categories of genes. pqe-1 and cec-3 were epistatic to let-60/RAS
and lin-45/RAF (Figures 6), since all six VC neurons expressed
unc-4 in double mutants. These results suggest that the epigenetic
factors that suppress unc-4 expression are independent of the
EGFR signaling that induces unc-4 transcription. Importantly, the
vulval neurons VC4 and VC5 lacking the epigenetic proteins still
expressed unc-4 in the absence of the inductive EGFR signaling,
indicating that all six VC neurons expressed unc-4 by default once
the silencing mechanism was removed. These results also suggest
that the EGFR signaling in vulval VC neurons overrides
epigenetic silencing. Moreover, we noticed that the unc-4 reporter
expression was clear and strong from early L4 stage in pqe-1, cec-3,
or met-2 mutants, whereas expression in vulval VC cells of wild-
type animals was not established until the late L4 stage (data not
shown). This temporal difference in the onset of unc-4 expression is
consistent with the idea that the histone methylation-associated
transcriptional repression is established prior to the external EGF
signal, which derepresses unc-4 gene by presumably removing the
repressive histone modification.
In fact, histone demethylases were also required for the
derepression of unc-4 in vulval VC neurons. Among the 13 genes
encoding predicted histone demethylases in C. elegans, we found
that mutations in jmjd-2, jmjc-1, and spr-5 significantly reduced unc-
4 expression in the VC4 and VC5 cells, but not in the unc-4-
expressing head neurons (Figure 5E and Table S2). spr-5 encodes
the C. elegans homolog of human LSD1. The human enzyme
demethylates both H3K4me2 and H3K9me2 [43,44], but only the
H3K4me2 demethylase activity of SPR-5 has been studied in C.
elegans [45]. If SPR-5 does demethylate H3K9me2, it may help
remove the repressive histone modification on unc-4 gene. jmjd-2
and jmjc-1 encode homologs of human JMJD2a and MINA
proteins respectively, both of which are involved in the demeth-
ylation of H3K9me3 [46–48], but the functions of these C. elegans
proteins have not been studied. Thus, the removal of the repressive
H3K9me2/3 mark could activate unc-4 expression in vulval VC
neurons.
LIN-11 acts downstream of EGFR signaling to induce unc-
4 expression
Given the fact that the TF LIN-11 is required to induce unc-4
expression in VC4 and VC5 cells, we expected the doubles of lin-
11 with the epigenetic factors should have no unc-4 expression at
all. However, to our surprise, lin-11 double mutants with pqe-1, cec-
3, met-2, hpl-2, and lin-13 all showed ectopic unc-4 expression in the
six VC neurons (Figure 6C). This result suggests that LIN-11 does
not directly activate unc-4 transcription. Instead, LIN-11 may be
the downstream target of the EGFR signaling that helps remove
the repressive chromatin modification of unc-4 gene.
LIN-11 was also needed for the induction of ectopic unc-4
expression in the multivulva mutants, which have excessive EGF
Figure 5. vulF cells, LIN-11, and histone demethylases are required to activate unc-4 expression in vulval VC neurons. (A) Adult
expression of uIs45 in syIs66[B0034.1::pes-10::GFP] animals with vulF cells ablated at the L4 stage. The absence of syIs66, which labels vulF cells,
confirmed their successful ablation. The asterisk indicates the position of the vulva. Scale bar = 100 mm. (B) Expression of uIs45 and VC marker vsIs13 in
lin-11(n389) adults. (C) Effect of expression of lin-11(+) driven by an VC-specific promoter on uIs45 expression in lin-11(n389); uIs45 animals. The vulval
VC neurons are indicated by arrows. (D) Expression of syIs80[lin-11p::GFP] in VC neurons in adults (left) and L2 larvae (right). (E) Adult expression of
uIs45 in wild-type, jmjd-2(tm2966), and spr-5(by134) animals. Arrows indicate the positions of VC4 and VC5.
doi:10.1371/journal.pgen.1004017.g005
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signals from the pseudovulvae, since the unc-4 expression in VC
neurons near the pseudovulvae was prevented by mutation of lin-
11 (Figure 6B). Thus, LIN-11 is required to alleviate the epigenetic
silencing of unc-4 in VC neurons in response to the differentiation
cue from vulval cells.
Ectopic unc-4 expression in VC neurons causes egg-
laying defects
VC neurons regulate egg laying in two ways: neuromuscular
synapses from VC neurons activate the vulval muscle vm2 cell and
allow eggs to be laid; and extrasynaptic release of ACh as a
neuromodulator from VC neurons prevents egg laying by
inhibiting the HSN neurons, which promote egg laying [5]. Since
UNC-4 upregulates the expression of choline acetyltransferase
(CHA-1) and the synaptic vesicle ACh transporter UNC-17 post-
transcriptionally, mutation of unc-4 leads to reduced release of
ACh, increased HSN activity, and thus hyperactivate egg laying
[49]. Mutations in cha-1 and unc-17 also result in hyperactive egg
laying [6], supporting the role of ACh in inhibiting HSN activity.
Since all of the VC1-3 and VC6 neurons send out processes to
the vulval region, ACh produced by these cells could reach the
HSN neurons even if they don’t directly synapse onto HSNs.
Therefore, we reasoned that mutants with ectopic unc-4 expression
in the nonvulval VC neurons could produce extra amounts of
ACh, causing hypersuppression of the HSNs and reduction in egg
laying. Indeed, pqe-1, cec-3, and met-2 adults retained 7–8 more
eggs than wild-type animals (pqe-1: 17.861.2; cec-3: 18.760.78;
met-2: 18.960.75; wild type: 11.160.4; mean 6 SEM; N = 30;
Figure 7A). Consistent with the increased egg-retention, the age of
the eggs that were laid was older in the pqe-1 and cec-3 animals (pqe-
1: 48%; and cec-3: 62% at comma stage; N = 50) than wild type
(62% at 21+ cell stage and nearly no eggs at comma stage; Figure
S8). VC-specific rescue of either pqe-1 or cec-3 restored normal egg
retention levels, suggesting that these genes act within VC
neurons. Egg retention in these animals appeared to require
UNC-4–mediated activation of cha-1 and unc-17, since unc-4, cha-1,
and unc-17 were epistatic to pqe-1, cec-3, and met-2; double mutants
all displayed hyperactive, instead of defective, egg laying
(Figures 7A and 7B).
Consistent with the model that unc-4 inhibits egg laying through
its regulation of ACh, we found that pqe-1 and met-2 increased egg
retention in tph-1 mutants and pqe-1, cec-3, and met-2 increased egg
laying in heterozygotes containing one copy of an egl-6 gain-of-
function mutation (Figure 7C). The tph-1 and egl-6 mutations
reduce egg laying and thus provide a sensitized background in
which to look for egg-laying defects. tph-1 encodes tryptophan
Figure 6. Epigenetic silencing of unc-4 is independent of the inductive EGFR pathway. (A) Expression of uIs45 in let-60(n2021); cec-3(u830),
lin-45(n2018); cec-3(u830), lin-11(n389); cec-3(u830), and lin-11(n389); met-2(n4256) double mutants. (B) Expression of uIs45 in lin-11(n389); let-
60gf(n1046) double mutants. The asterisk marks the real vulva, and thick arrows point to pseudovulvae. (C) unc-4 expression and penetrance in
various mutants. Filled circles represent cells that express uIs45.
doi:10.1371/journal.pgen.1004017.g006
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hydroxylase, which synthesizes serotonin in HSN neurons [50].
Because serotonin is released by the HSN neurons to promote egg
laying, mutation of tph-1 leads to reduced egg-laying activity. egl-6
encodes an FMRFamide neuropeptide receptor, the receptor of
neuropeptide FLP-10 and FLP-17, which acts additively with ACh
to inhibit the HSN neurons [51]. The constitutively active gain-of-
function mutation of egl-6 resulted in hypersuppression of the HSN
neurons and defects in egg laying.
To further confirm that the unc-4-expressing non-vulval VC
neurons caused the defects in egg laying, we ablated the aberrantly
differentiated nonvulval VC neurons (VC1-3 and VC6) in cec-3
and met-2 animals to correct the phenotype. Ablated mutant
animals retained the same number of eggs as ablated wild-type
animals (Figure 7D). In addition, the ablated cec-3 and met-2
animals laid significantly fewer late-stage eggs than unablated
controls (Figure S9). Ablating the vulva-flanking VC4 and VC5
neurons in the wild-type background led to hyperactive egg laying,
whereas killing the other VC neurons had very little effect
(Figure 7D). These data suggest that the differentiated vulval VC
neurons, which normally express unc-4, were responsible for
reducing egg laying and balancing the behavioral output of the
egg-laying circuit, whereas epigenetic silencing of unc-4 expression
in the non-vulval VC neurons prevented a further inhibition of egg
laying.
Discussion
The six VC neurons are generated in L1 larvae but diversify
into subtypes, adopting different morphologies and functions at
the L4 stage during vulval development. At this later time the
vulva-flanking VC4 and VC5 neurons differentiate further by
migrating toward the vulva, extending branched processes dorsally
to innervate vulval muscles, initiating unc-4 expression, and joining
the egg-laying circuit. In contrast, the other VC neurons largely
maintain their original cell shape and play only a minor role in egg
laying. These later cells, however, have the potential to be more
like the VC4 and VC5 cells as seen in the dig-1 mutants or mutants
with multiple vulvae.
The diversification of VC neurons into subtypes requires
inhibition of vulval VC differentiation in the nonvulval VC
neurons, which don’t receive the LIN-3/EGF developmental cue.
As shown here, unc-4 expression is a convenient marker for this
Figure 7. More eggs are retained by animals expressing unc-4 in all VC neurons. (A) pqe-1(u825), cec-3(u830), and met-2(n4256) animals
retain more eggs than wild type at 36 hours after becoming adults. This phenotype required unc-4 (+, present; 2 absent). R indicates animals
expressing the wild-type copy of the indicated gene from a VC-specific promoter. At least 30 staged adults were used for each genotype here and in
subsequent panels. Statistical analyses were performed between the wild-type and the single mutants (asterisks immediately above the bars) and
between the mutants and rescues (asterisks above the lines). A single asterisk indicates P,0.05 and two asterisks indicate P,0.01 in a paired t-test.
(B) cha-1(p1152) and unc-17(e245) are epistatic to pqe-1, cec-3, and met-2. (C) tph-1(mg280) and egl-6gf(n592)/+ are additive with pqe-1, cec-3, and met-
2. (D) Fewer eggs were retained when vulval (V) but not nonvulval VC (NV) neurons were ablated in wild animals at late L4 stage and eggs in the
uterus were counted 24 hrs later. Most of the added egg retentions in cec-3 and met-2(n4256) mutants is eliminated when the nonvulval VC neurons
are similarly ablated. N = 20 for each condition.
doi:10.1371/journal.pgen.1004017.g007
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differentiation. We found that unc-4 is silenced epigenetically in
nonvulval VC neurons. This epigenetic repression involves
chromatin modifiers (including the histone H3K9 methyltransfer-
ase MET-2 [13] and H3K36 methyltransferase MET-1 that may
indirectly promote H3K9 methylation [13,14]), chromatin readers
(including the MBT (malignant brain tumor) domain-containing
protein LIN-61 [29], the HP1-like protein HPL-2 [20]), zinc finger
protein LIN-13 that helps localize HPL-2 [28]), a novel
chromodomain protein CEC-3, a transcriptional repressor EFL-
1 [27], and a large, acid-rich protein LIN-65 with unknown
function [31]. Mutation of any of these proteins led to ectopic unc-
4 expression in all six VC neurons and resulted in the loss of
subtype-specificity of the expression. Because UNC-4 regulates the
level of proteins needed for the synthesis and release of ACh, the
failure to restrain unc-4 expression in only VC4 and VC5 caused
hyperinhibition of HSN activity and defects in egg laying. Thus,
histone modification contributes to terminal neuronal differenti-
ation by generating the correct gene expression pattern in VC
cells. This control is essential for the regulation of a specific
behavior, egg laying.
In addition to these epigenetic proteins, we found that the Q/P-
rich domain-containing protein PQE-1 also prevents unc-4
expression in non-vulval VC neurons. Although we do not know
how this repression works, our results showed that PQE-1 acts in a
similar way to the histone methyltransferases MET-1 and MET-2,
the chromodomain protein CEC-3, and the HP1/HPL-2 binding
partner LIN-13 in preventing transcription and protecting cells
from polyQ neurodegeneration. Consistent with previous studies
[9], we found that the C-terminal RNA exonuclease domain
included in the b isoform of pqe-1 gene was dispensable for PQE-1
function, indicating the N-terminal Q/P-rich domain is mainly
responsible for inhibiting unc-4 expression. Although the Q/P-rich
domain is largely known to promote protein aggregation, the C-
terminus of the TF TDP-43 has a Q/P-rich region that is required
for its function in silencing the testis-specific gene SP-10 [52,53].
Therefore, we speculate that the nuclearly localized PQE-1
protein may use its Q/P-rich domain to mediate transcriptional
repression. Thus, Q/P-rich proteins may be a new class of
epigenetic control factors.
Previous studies showed that repressive epigenetic modifications
are essential for silencing critical developmental genes and
inhibiting differentiation in stem cells. ESCs deficient in PcG
proteins, which promote H3K27 trimethylation and suppress
transcription, derepressed neural genes, such as Ngns, Pax-6, and
Sox-1, and were prone to differentiate [2]. Loss of the transcrip-
tional repressor REST (RE1-silencing TF, which recruits histone
modifiers and chromatin-binding proteins) or inhibition of DNA
methyltransferase and histone deacetylases (both of which suppress
transcription) induces aberrant differentiation and derepression of
genes related to neurogenesis in ESCs and NPCs [54–56]. The
H3K9 methyltransferase SetDB1 also contributes to the repression
of genes encoding developmental regulators and to the mainte-
nance of ESCs [57]. Consistent with these findings, we find that
mutation of histone methyltransferase met-2 that is homologous to
SetDB1 and promotes H3K9 methylation abrogated the repres-
sion of terminal differentiation marker unc-4 in undifferentiated
VC neurons.
Although our results suggest that H3K9 methylation is
important for the regulation of unc-4 expression, we cannot
definitively determine whether dimethylation or trimethylation is
important. Unlike SetDB1, which specifically trimethylates H3K9,
MET-2, the C. elegans homolog of SetDB1, mediates mono- and
dimethylation of H3K9 [17]. Another SET domain protein, SET-
25, which is homologous to the mammalian EHMT1/G9a and
Suv39h1/2, is responsible for H3K9 trimethylation in early
embryos [17], but its role in larvae and adults has not been
examined. set-25 mutants did not show ectopic unc-4 expression, so
either H3K9 dimethylation is responsible for unc-4 silencing or
MET-2 or another HMT promotes H3K9 trimethylation of unc-4
DNA in adult VC cells. Our finding that the release of unc-4
epigenetic silencing needed jmjd-2 and jmjc-1, homologs of
mammalian demethylases that have demethylation activities on
H3K9me3 [46–48], argues for the second hypothesis. Among the
chromatin readers that are important for unc-4 repression, LIN-61
and HPL-2 directly binds to H3K9me2/3 [22,29], but the ability
of CEC-3 to bind to H3K9me2/3 remains to be determined.
Although HPL-2 can be indirectly recruited to H3K27me3 [21],
our results suggest that H3K27 trimethylation is not the likely
cause of unc-4 silencing because neither the polycomb complex
components that catalyze H3K27 trimethylation nor the predicted
H3K27me2/3 demethylases had any effect on unc-4 expression.
Developmental signals can reverse H3K9 methylation-mediated
gene silencing in undifferentiated neurons to allow the differen-
tiation to proceed. In this study, we found that EGF/LIN-3 from
the developing vulF cells acts through the EGFR/RAS/MAPK
signaling pathway during vulval development to override the
epigenetic silencing of unc-4 in VC neurons that are close to vulF
cells. The EGF signal probably failed to activate unc-4 expression
in the nonvulval VC neurons because the physical distance
between these cells and the EGF source was too great. At least
three events are needed for the correct timing of unc-4 expression
in VC4-5: 1) epigenetic silencing prevents unc-4 expression in the
early L4 stage (unc-4 is expressed in early L4 cells in cec-3 or met-2
mutants); 2) induction involving EGF, etc. leads to unc-4
expression in the late L4; and 3) additional factors (the presence
of a negative factor or the absence of a positive factor) prevent unc-
4 expression from the L1 to the late L3 stage. Therefore, unc-4
transcription would be on by default in all six VC cells if H3K9
methylation did not inactivate unc-4 prior to the differentiation
cue. The epigenetic inhibition is normally relieved in VC4-5
neurons by the external signal from the developing vulva to allow
the derepression of unc-4 gene and neuronal differentiation.
Although the morphological differentiation of VC neurons is not
controlled by the epigenetic mechanisms, our data demonstrate
that H3K9 methylation helps create subtype-specific gene
expression patterns during terminal neuronal diversification.
We have also found that LIM-domain transcription factor LIN-
11 is required to derepress unc-4 in the vulval VC neurons. Since
lin-11 acts similarly as the EGFR signaling genes in genetic
interaction studies, LIN-11 is likely to be part of the EGFR
pathway, probably the downstream target of the signaling, and
helps remove the repressive histone modification. Although there
is no report showing the direct involvement of LIM domain
proteins in histone demethylation, a close correlation between the
expression patterns of lysine-specific histone demethylase 1 (LSD1)
and four and a half LIM-domain protein 2 (FHL2) was found in
prostate cancer [58]. Since both FHL2 and LSD1 serve as
coactivators of the androgen receptor [59], the LIM domain
protein may interact with the histone demethylase to activate gene
expression. Since histone demethylase SPR-5/LSD1 was also
required for the unc-4 VC expression, EGFR signaling is likely to
activate LIN-11, resulting in the removal of H3K9 methylation
and the derepression of unc-4.
The fact that vulF cells from the developing vulva send out EGF
signal to induce VC neuron differentiation suggested a coordina-
tion between the formation of the epithelial vulval structure and
the differentiation of the egg-laying neurons. In fact, signals from
the 1u vulval cells also control the axonal outgrowth, branching
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and fasciculation of the HSN neurons [60], which together with
VC neurons form the egg-laying circuit. Moreover, only the vulva-
flanking VC neurons undergo morphological changes and express
unc-4, and similarly the proximity of the HSN cell body to vulval
cells is important for HSN axonal guidance [60], supporting the
hypothesis that communication between the vulval epithelial cells
and neurons depends on secreted extracellular molecules. As VC
and HSN neurons are generated much earlier than the vulva,
signals from the developing vulva need to activate these neurons
by regulating gene expression, inducing axonal outgrowth, and
eventually joining them together to form the neural circuit.
Therefore, the terminal differentiation of these neurons requires
highly coordinated cell-cell interactions with the epithelial tissues.
Finally, our findings are consistent with recent discoveries on
the epigenetic regulation of cellular differentiation by H3K9
methylation in various tissues. Ling et al. found that mutation of
the H3K9 methyltransferase G9a induced abnormal myogenesis
during skeletal muscle differentiation by de-repressing the
transcription of myogenic regulatory factor MyoD [61], and
Herzog et al. found that the histone demethylase Kdm3a, which
removes H3K9 methyl groups, is essential for the differentiation of
mouse embryonic carcinoma cells into parietal endoderm-like cells
in a mouse embryonal carcinoma model [62]. These studies
demonstrate that H3K9 methylation silences developmental genes
and prevents aberrant differentiation, and that the removal of this
histone modification allows normal differentiation to proceed. Our
studies extend these observations by showing that H3K9
methylation helps maintain the ground state among similar




C. elegans strains were maintained at 15uC or 20uC as described
by Brenner [63]. Temperature-sensitive strains were maintained at
15uC and transferred to 25uC for one generation before testing.
Most strains were provided by the Caenorhabditis Genetics Center,
which is funded by NIH Office of Research Infrastructure
Programs (P40 OD010440). cec-3(ok3432) II and pqe-1(ok1983)
III were generated by the International C. elegans Gene Knockout
Consortium (http://www.celeganskoconsortium.omrf.org). jmjc-
1(tm3525) I, jmjd-2(tm2966) II, hpl-2(tm1489) III, and hpl-
1(tm1624) X were obtained from the National BioResource Project
of Japan (http://www.shigen.nig.ac.jp/c.elegans/index.jsp). cec-
3(u830) and pqe-1 alleles (u825, u829, u831, u832, u900, u901,
u902, and u903) were isolated in this study. peIs304 and pqe-
1(ok1983); peIs304 strains were kindly provided by Dr. Yuichi Iino
(University of Tokyo).
Constructs and transgenes
The unc-4p::MDM2::GFP vector TU#703, which contains a
2.5 kb unc-4 promoter and DNA encoding a truncated and
mutated RING domain from human MDM2 attached to GFP [8],
was injected together with pRF4 (containing a dominant roller
marker) to generate uIs45, which was mapped onto the X
chromosome. We also replaced GFP with RFP in TU#703 to
create TU#1101 unc-4p::MDM2::RFP, which was used to generate
transgene uIs147. To examine the unc-4 expression pattern in
various genetic backgrounds, we crossed uIs45 into most of the
mutants of interest except for these X-linked mutations, which
were crossed with uIs147.
A VC-specific promoter, which contains a ,500 bp lin-11
promoter and a basal pes-10 promoter, was subcloned into the
Gateway pDONR P4-P1R from pDM4 vector. The pDM4 vector
was a gift from Michael Koelle (Yale University). The coding
regions of pqe-1, cec-3, lin-45, let-60, and lin-11 genes were all
cloned from wild type (N2) genomic DNA into Gateway pDONR
221. The resulted entry vectors, together with pENTR-VCprom,
pENTR-unc-54-39UTR, and destination vector pDEST-R4-R3
were used in the LR reaction to create the final VC promoter-
driven expression vectors. The Gateway cloning method can
be found at http://www.invitrogen.com/site/us/en/home/
Products-and-Services/Applications/Cloning/Gateway-Cloning.
html by Life Technologies (Grand Island, NY). These constructs
were injected into corresponding mutants to form extrachromo-
somal arrays to test the VC-specific rescue of the mutant
phenotype. The transgene vsIs13[lin-11p::pes-10p::GFP] was used
as a VC-specific marker [6].
Whole genome sequencing and identification of
phenotype-causing mutations
After visually isolating the mutants, we outcrossed the mutant
strains (u825, u830, and u834) with N2 at least 10 times and then
subjected them to whole genome sequencing using an Illumina
GAII genome analyzer [64]. We first identified the genetic
variants by aligning the sequencing data to Wormbase reference
sequences (version WS220) with MAQGene [65] and subtracting
the background variants found in our wild-type strain. By
visualizing the genomic positions of these variants, we discovered
a variant-enriched region, which theoretically contained the
phenotype-causing mutation because this region had the least
chance to be recombined with wild-type chromosomes under
constant selection. Within this ,1 Mb region, we identified
candidate mutations and performed complementation tests with
known alleles to find the gene associated with the phenotype. We
confirmed the results by PCR genotyping, testing knockout alleles
of candidate genes, and injecting the cosmid or fosmid containing
the wild-type copy of the gene into mutant animals and testing for
rescue.
Single-molecule fluorescent in situ hybridization and
microscopy
Single-molecule fluorescence in situ hybridization was per-
formed on young adult animals as described [24]. Forty-eight
20-nucleotide probes for unc-4 mRNA were designed using the
program at www.biosearchtech.com/customoligos and synthe-
sized and coupled to Cy5 by BioSearch Technologies (Novato,
CA). We imaged the animals using a Zeiss Axio Observer Z1
inverted microscope with a CoolSNAP HQ2-FW camera
(Photometrics, Tucson, AZ) and appropriate filters for Cy5.
We collected stacks of 20–35 images spaced 0.3 mm apart for
each individual neuron and counted the number of fluorescent
spots per neuron.
Other imaging was conducted on either the same Zeiss
Observer Z1 microscope with the CoolSnap camera or a Zeiss
Axioskop II with a SPOT-2 slider camera (SPOT Imaging
Solutions, Sterling Heights, MI).
Laser ablation
Ablations were performed as described previously [66]. Briefly,
L4 larvae of strains carrying either uIs45 or vsIs13 as VC markers
were placed in 1 ml of M9 buffer on a 2% agarose pad containing
1 mM sodium azide. GFP-positive cells were identified using a
Zeiss Axioplan 2 equipped with a Micropoint Laser System
(Photonic Instruments, Inc.), and their nucleoli were repeatedly
targeted with the laser until they appeared ruptured. Mock-ablated
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animals were placed on the same pad and exposed to fluorescence
excitation light for the same period of time, but not shot with
the laser. The animals were recovered and examined 24–
30 hours later with a fluorescence dissecting microscope to
ensure absence of GFP-positive cells. Thirty hours after the
ablation procedure, animals were assayed for egg-laying
activity. To ablate vulF cells, syIs66[B0034.1::pes-10::GFP] was
crossed into uIs45 to help visualize the VulF cells, and unc-4
expression in VC neurons was examined 24 hours after the
ablation.
Egg-laying assay
The average number of unlaid eggs in the uterus and the
percentage of freshly laid eggs at various stages were quantified
as described [51,67]. We collected late L4 animals and
cultured then at 20uC for 36 hr. In the unlaid egg assay, 30
synchronized adults were individually dissolved in 5% sodium
hypochlorite, and their eggs were counted. In the egg-staging
assay, 20 staged adults were placed on a thin lawn of OP50
bacteria and allowed to lay eggs for 1 hr. Each egg was
examined under a dissecting microscope and categorized into
six different stages according to previous studies (Ringstad and
Horvitz, 2008). Eggs with eight cells or fewer were classified as
‘‘early stage’’. Eggs at the comma stage or later stages were
classified as ‘‘late stage’’. Every experiment was repeated three
times independently.
Supporting Information
Figure S1 uIs45[unc-4p::MDM2::GFP] (A) labels fewer neurons in
the ventral nerve cord than uIs151[unc-4p::GFP] (B). Times are
hours after hatching.
(JPG)
Figure S2 Expression of uIs45 in the ventral nerve cord at
various developmental times. Scale bar = 20 mm for the first four
sets of images and 50 mm for the last three sets.
(JPG)
Figure S3 ceh-20 mutants ectopically express unc-4 in VA
neurons. (A) uIs45 expression in a ceh-20(u843) adult. Arrows
point to the VA neurons that abnormally express the reporter. The
identity of these neurons was confirmed by the labeling of a VA
marker wdIs3[del-1p::GFP] (data not shown). Scale bar = 100 mm.
(B) The structure of ceh-20 gene and the position of the u843
mutation. (C) Rescue of the unc-4 ectopic expression by injection of
ceh-20(+) into ceh-20(u843); uIs45 animals rescues the unc-4
expression defect. (D) Absence of expression of VC marker vsIs13
in ceh-20(u843) animals.
(JPG)
Figure S4 The extra unc-4-expressing neurons in (A) pqe-1, (B)
cec-3, and (C) met-2 animals are VC neurons. Cells were labeled
with uIs147[unc-4p::MDM2::RFP] and the VC marker vsIs13.
(JPG)
Figure S5 pqe-1a_prom::RFP is expressed in the VC neurons
(arrows).
(PNG)
Figure S6 pqe-1 acts similarly to genes involved in epigenetic
silencing in suppressing transcription and protecting neurode-
generation. (A) Effect of pqe-1, cec-3, met-2, and lin-13 on the
expression of peIs304[lin-11pAD::Venus, tdc-1p::mRFP, rol-6(d)] in
the AIZ neurons. Otherwise wild-type animals had weak and
variable expression, the mutations stabilized and enhanced
peIs304 expression. Green represents the percentage of animals
with Venus expression in both AIZL and AIZR neurons;
orange and red represent the percentage of animals with only
one or no AIZ neuron labeled. N = 45 animals for each
genotype. (B) Effect of pqe-1, cec-3, met-2, met-1 and lin-13
mutation on polyQ-induced neurodegeneration. N$80 ASH
neurons.
(JPG)
Figure S7 EGFR signaling components are required for unc-4
expression in vulval VC neurons. (A–B) Expression of uIs45 in lin-
3(n1058), let-23(sy12), let-60(n2021), and lin-45(n2021) vulvaless
adults. The asterisk marks the position where the vulva should
have developed. Scale bars = 100 mm. (C) Expression of let-60(+)
and lin-45(+) from a VC-specific promoter rescues the uIs45
expression in the VC4 and VC5 neurons (white arrows) of let-
60(n2021) and lin-45(n2018) animals, respectively. The DIC
images, however, show that these animals are still vulvaless. Scale
bars = 20 mm.
(JPG)
Figure S8 Eggs laid by pqe-1 and cec-3 animals contain late stage
embryos. Freshly laid eggs from wild type and unc-4(e120), cha-
1(p1152), pqe-1(u825), and cec-3(u830) mutants were categorized
into different stages (according to Ringstad and Horvitz, 2008). At
least one hundred eggs were used in this assay.
(JPG)
Figure S9 Nonvulval VC neurons that express unc-4 cause egg-
laying defects. Vulval (V) or nonvulval VC (NV) neurons were
ablated in wild-type, cec-3(u830), or met-2(n4256) late L4 larvae.
24 hours after the ablation, about 60 freshly laid eggs from 15
animals were examined. Eggs with eight cells or fewer were
classified as ‘‘early stage’’. Eggs at the comma stage or later stages
were classified as ‘‘late stage’’.
(JPG)
Table S1 A list of mutant alleles identified from the genetic
screen looking for ectopic unc-4 expression in adults. Strain
TU3076 [uIs45] was used for the screen.
(DOCX)
Table S2 The penentrance of reduced unc-4 vulval VC neurons
expression phenotype in a list of mutants defective in histone
demethylases. Either uIs45 or uIs147 was crossed into these
mutants and the unc-4 expression pattern was examined in
homozygotes mutants.
(DOCX)
Text S1 Additional materials and methods about the mosaic
analysis and the assessment of polyQ-induced neurodegeneration.
(DOCX)
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